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TO OCEAN WARMING AND CLIMATE CHANGE
By Julia Johnstone
Dissertation Advisor: Dr. Rhian Waller

An Abstract of the Dissertation Presented
in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy
(in Marine Biology)
August 2021

Cold-water corals are important habitat builders in the deep ocean worldwide. Despite
being known for centuries, recent technological advances and deep-sea exploration has revealed
cold-water corals thriving at depths of up to 6000m. Similar to their warm-water relatives, coldwater corals are hotspots of diversity, with their structures creating habitat for thousands of
associated species. Some cold-water corals create bioherms that stretch for tens of kilometers,
while others come together to form vast undersea forests. These habitats are often home to
commercially important fisheries species, and conservation efforts have recently begun to
regulate fishing in cold-water coral ecosystems to protect them from damaging fishing practices.
Slow-growing cold-water corals disturbed by fishing gear may need decades or even centuries to
recover. Also, cold-water corals are threatened by impending climate change in the form of
warming and changes to ocean chemistry and circulation.
Given their importance to deep sea communities and vulnerability to anthropogenic
impacts, research to understand cold-water coral ecology is urgently needed. One of the
foundational processes of any organism is its reproduction. In the case of cold-water corals,

understanding their reproductive ecology is both crucial for making recommendations to
policymakers charged with stewarding sustainable fisheries, and extremely challenging to study.
The remote deep-water habitat of many cold-water corals makes life history studies costly and
often impossible. In the past several decades, scientists have worked to piece together
descriptions of cold-water coral reproduction using comparisons to shallow-water relatives as
context to identify patterns, but there are still very few cold-water species whose reproductive
biology is truly well understood.
In this dissertation, we report three studies that each focused on one stage of reproduction
– gametogenesis, early embryogenesis, and larval health and settlement – in three cold-water
corals from the North Pacific, North Atlantic, and Southern Oceans, and asked how those stages
were affected by temperature using a combination of histology, electron microscopy, and
experimental techniques. Learning how vulnerable stages of cold-water corals will respond to
environmental change is critical for sustaining healthy, productive deep-sea ecosystems going
forward.
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CHAPTER 1
INTRODUCTION TO COLD-WATER CORALS
1.1. Background
Cold-water corals have been documented in all ocean basins and shown to provide key
ecosystem services in oligotrophic oceans and high-latitude seas worldwide (Figure 1.1;
Corcoran & Hain 2006, Thurber et al. 2014). Despite their cosmopolitan distribution and
ecological importance, many biological characteristics of cold-water corals remain unknown. In
the last few decades, cold-water corals have become the subject of scientific focus, particularly
in light of their vulnerability to damage by fishing practices, destruction by hydrocarbon and
mineral extraction, and the predicted impacts of climate change (Freiwald & Roberts 2005,
Howes et al. 2015, Cordes et al. 2016).
In environments that often lack topographical complexity, cold-water corals provide
three-dimensional structure and support diverse assemblages of organisms such as fishes,
echinoderms, and crustaceans (Figure 1.2; Heifetz 2002, Kreiger & Wing 2002, Malecha et al.
2002, Buhl-Mortensen & Mortensen 2005, Costello et al. 2005, Raes & Vanreusel 2005,
Zibrowius & Taviani 2005, Stone and Shotwell 2007, Braga-Henriques et al. 2013). However,
the high-relief structure of many cold-water corals makes them vulnerable to destruction by
fishing gear, and their slow growth rates may result in protracted or unsuccessful recovery from
damage (Friewald & Roberts 2005 and references contained therein). As technological advances
enable greater access to cold-water coral habitats, the role of cold-water corals in economically
and scientifically valuable ecosystems becomes clearer, and addressing the threats they face
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becomes more urgent (Kreiger & Wing 2002, Buhl-Mortensen & Mortensen 2005, Costello et al.
2005, Raes & Vanreusel 2005, Thurber et al. 2014).
1.2. Cold-Water Coral Biology
Cold-water corals are members of the phylum Cnidaria – radially symmetrical metazoans
bearing nematocysts – and are often considered to sit at or near the base of the metazoan tree
(Hyman 1940, Whelan et al. 2017). The class Anthozoa – the true corals, sea pens, and
anemones – are exclusively polypoid, consisting of a digestive cavity enclosed by a body wall
(Hyman et al. 1940). The digestive or “gastrovascular” cavity is lined by the gastrodermis, and is
longitudinally segmented by mesenteries, usually numbering a multiple of 6 or 8 (Hyman 1940).
The body wall is covered by an epidermal layer separated from the gastrodermis by an
intermediary layer of mesoglea. The coral polyp is supported by a proteinaceous or calcium
carbonate skeleton (Martin 1997). Free interstitial cells between the epidermis and gastrodermis
give rise to nematocytes, nerve cells, epidermal cells, glandular and mucus cells, as well as
gametes, which are usually located in the gastrovascular cavity, grouped together between
mesenterial septa but not sequestered in a defined gonad (Chapman 1974, Tardent 1985, Martin
1997). A ring of tentacles, used to capture particles and prey from the water column, surrounds
the polyp’s mouth. Anthozoans are exclusively marine and may be solitary or colonial. In both
cases, the polyps are sessile, so range expansion occurs by the dispersal of pelagic or crawling
planula larvae (Hyman 1940). The two main groupings of anthozoan species discussed in this
thesis are the Scleractinia, the stony corals, and the Octocorallia, including the Alcyonaceans or
soft corals (Hyman 1940).

2
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https://www.ncei.noaa.gov/maps/deep-sea-corals/mapSites.htm.

World map showing the distribution of deep-sea corals (circles) and sponges (triangles Accessible at

Figure 1.1: Distribution of Cold-water corals in world oceans according to NOAA Deep-Sea Coral and Sponge Map Portal.
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Figure 1.2. Biodiversity associated with cold-water coral habitats from Henry & Roberts 2017.
“Animal biodiversity associated with cold-water coral reefs is very high, as demonstrated by
these images from northeast Atlantic Lophelia pertusa and Madrepora oculata reefs. The fauna
associated with coral biofilm includes encrusting sponges in which the isopod Caecognathia
abyssorum seeks refuge (a, scale bar 5 mm, water depth 857 m). Small carnivorous invertebrates
like the polychaete Nereimyra punctata hunt among the coral biofilm and reef frameworks (b,
scale bar 5 mm, water depth 857 m), while parasitic copepods find a host on a polynoid
polychaete (c, scale bar 500 μm, water depth 857). Sessile suspension and filter-feeding epifauna
like hydroids (d, scale bar 10 cm), gorgonian octocorals, and zoanthids (e, scale bar 10 cm, water
depth approximately 700 m) and the bivalve Delectopecten vitreus (f, scale bar 5 mm, water
depth 857 m) densely colonize the reef framework. Demersal fish such as the tusk Brosme
brosme (g, scale bar 10 cm, water depth approximately 700 m) and the blackbelly rosefish
Helicolenus dactylopterus (h, scale bar 10 cm, water depth approximately 700 m) hunt and rest
among living and dead reef framework, as does the catshark Scyliorhinus canicula (i, scale bar
10 cm, water depth approximately 140 m) (All images taken by the authors; images d, e, g, h,
and i were taken during the 2012 Changing Ocean Expedition (RRS James Cook cruise 073)”
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Cold-water corals were first described in the 18th century and further documented through
the deep-water research of the 19th century (Roberts et al. 2006), but the scale and abundance of
cold-water coral populations was revealed only in the late 20th century by submersibles and
remotely operated vehicles deployed to explore the seafloor (Cairns 2007). Unlike warm-water
corals, which have photosynthetic algal symbionts (zooxanthellae) whose light requirements
restrict the corals to the photic zone, cold-water corals are azooxanthellate, lacking symbionts
(Freiwald et al. 2004). This has allowed cold-water corals to colonize depths of up to 6000
meters (Roberts et al. 2006). Since their discovery, cold-water corals have been found in all
ocean basins and reports of new occurrences, and species, continue to this day.
Deep and cold-water corals grow slowly but are capable of living for hundreds or even
thousands of years (Freiwald et al. 2004). Assemblages of stony corals (Scleractinia) and soft
corals (Octocorallia) can create reefs and forests, respectively, providing habitat for other
organisms (Friewald et al. 2004). Six species of cold-water corals are known to be hermatypic
(reef-builders), the rest of the 3300 described cold-water coral species are ahermatypic (Freiwald
et al. 2004). Cold-water coral growth can be measured in two dimensions: axial growth, the
linear extension of the main axis, and radial growth, the thickening of that axis (Watling et al.
2011). In species that form mounds or banks, the main structure is formed by fossilized coral
skeletons that are then covered by a layer of living coral. As the generations progress, the
mounds and banks grow, catching sediment and debris in the dead coral framework (Eisele et al.
2011). Cold-water reef-building species often grow at rates an order of magnitude lower than
warm-water corals, with Lophelia pertusa growing at 5-34 mm per year (reviewed in Roberts et
al. 2009). Some bamboo coral species grow radially by just micrometers each year and axially
6

by 0.5-1mm per year (Matsumoto 2007, Andrews et al. 2009, Parrish & Roark 2009, Thresher
2009). Eleven branching cold-water gorgonian species (reviewed in Watling et al. 2011) put on
0.05 – 0.44 mm radially per year, and between 0.19 – 2.32 mm axially per year. These growth
rates have been putatively correlated with temperature, flow rates, competition, and food supply
(Mortensen et al. 2000, Roberts & Anderson 2002).
Cold-water corals are usually found in areas with strong currents such as topographic
prominences or narrow channels, with hard substrates and high nutrient levels to support primary
productivity (Friewald et al. 2004). Cold-water corals are suspension feeders with a varied diet,
picking particulate organic matter, such as plankton and phytodetritus, out of the water column
(Osinga et al. 2011, Orejas et al. 2016, Elias-Piera et al. 2013). For Mediterranean populations of
the cold-water scleractinian Lophelia pertusa, zooplankton is the most assimilated prey type, but
phytoplankton signatures were also present in L. pertusa tissues (Carlier et al. 2009). In
Antarctic gorgonians, phytoplankton was one of the main foods of seven species of coral
(Primnoisis sp., Fannyella nodosa, Ainigmaptilon antarcticum, Notisis sp., Primnoella sp.,
Dasystenella sp. and Thouarella sp.; Elias-Piera et al. 2013). Octocorals have also been shown to
feed on smaller size fractions of planktonic prey, and in some cases these small prey items,
consumed in large volumes, support up to 50% of the daily demand for energy in Antarctic
species (Orejas et al. 2003). In L. pertusa, low flow velocities (less than 7 cm s-1) are ideal for
prey-capture, and corals in aquaria presented with zooplankton, phytoplankton, and dry
particulate organic carbon captured primarily zooplankton at very low flow speeds (2 cm s -1),
and primarily phytoplankton at faster current speeds (5 cm s-1; Orejas et a 2016).
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1.3. Threats to Cold-Water Coral Survival
Cold-water coral ecosystems face several major anthropogenic threats, including damage due
to fishing, destruction by hydrocarbon and mineral extraction, and environmental changes such
as ocean acidification, deoxygenation, and warming (Cordes et al. 2016). Physical disturbance
by trawl and longline fisheries have been reported from North Atlantic, Norwegian (Roberts et
al. 2000, Fosså et al. 2002, Hall-Spencer et al. 2002, Reed 2002), New Zealand (Probert et al.
1997, Clark & Rowden 2009), and the South Atlantic (Kitahara 2009) waters, and Australian
seamounts (Koslow et al. 2001), and are likely problematic anywhere that deep-sea fishing
grounds and cold-water coral habitats overlap (Cordes et al. 2016). Trawling is the most
devastating fishing practice, as it disturbs large areas of seafloor and removes associated benthic
ecosystems (Heifetz et al. 2009). Recovery from such impacts may require decades, centuries, or
even millennia for some cold-water coral species (Andrews et al. 2002, Prouty et al. 2014, Rourk
et al. 2009, Fisher et al. 2014, but see Baco 2019).
Deep sea ecosystems are also threatened by hydrocarbon and mineral extraction (Roberts et
al. 2009). Cold-water coral communities are disturbed initially by the construction of drilling
platforms, wells, and other infrastructure, and are further affected by sedimentation and toxic
exposure due to drill tailings (Järnegren et al. 2017, 2020). Recent accidents such as the
Deepwater Horizon oil spill in 2010 have highlighted the urgent need for baseline scientific
study of deep-sea habitats and communities, as detrimental impacts of the spill were documented
in ecosystems as distant as 26 km away (Fisher et al. 2014). The operation of mining equipment
disturbs the seafloor and also generates plumes of sediment and toxic tailings which can damage
benthic communities, including cold-water corals (Larsson et al. 2011, Ramirez-Llodra et al.
2011, Bradshaw et al. 2012, Buhl-Mortensen et al. 2016, Jones 2015, Järnegren et al. 2020).
8

In addition to the threats to coral survival of mechanical disturbance, global oceans are
expected to undergo substantial climate changes in the near future, including warming by an
average of at least 1.5°C by the end of this century (Figure 1.3; Howes et al. 2015, Roemmich et
al. 2015, Cheng et al. 2020). These temperature changes will be accompanied by reductions in
pH, deoxygenation, and circulation changes (Howes et al. 2015, Cheng et al. 2020). Ocean
warming is proceeding more quickly than the global average in many marginal seas and at high
latitudes and has already been shown to have affected the deep-sea community (Danovaro et al.
2004). Experimental environmental manipulations have demonstrated that acidified waters,
deoxygenation, and warming will likely result in changes to the metabolism and physiology of
most scleractinians (Gori et al. 2014, Lartaud et al. 2014, McCulloch et al. 2012, Naumann et al.
2013). It is unknown, however, how these changes will manifest on a population or speciesscale. Some authors suggest they could result in mass extinctions and range shifts (Tittensor et
al. 2010), while other experimental results seem to indicate a measure of resilience to climate
change. In aquaria, Desmophyllum dianthus and Dendrophyllia cornigera were able to withstand
warmer temperatures (Naumann et al. 2013), Lophelia pertusa was able to acclimatize to ocean
acidification, given enough time (Form & Riebesell 2012, Maier et al. 2012), and select
genotypes of L. pertusa managed to continue calcifying even at carbonate saturation levels as
low as 1.0 (Lunden et al. 2014).
An important consideration, however, for predicting and evaluating population-level
consequences of climate change is identifying the life-history stages that are most vulnerable to
disturbances (Byrne 2012, Mora 2016). The aforementioned experiments all focused on adult
coral representatives, measuring respiration, calcification, growth, or metabolism. However, it is
the embryonic and larval stages that have been highlighted as some of the most vulnerable
9

periods in an organism’s life (Byrne 2012, Pandori & Sorte 2019, Przelewski & Byrne 2015). In
order to understand a species-level response to environmental change across multiple

Figure 1.3. Blended land and sea surface temperature anomalies as of December 2020. NOAA
National Centers for Environmental Information, State of the Climate: Global Climate Report
for Annual 2020, published online January 2021, retrieved on August 8, 2021
from https://www.ncdc.noaa.gov/sotc/global/202013.
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generations, it is vital to examine reproduction, starting with gametogenesis and ending with the
successful establishment of new recruits.
1.4. Reproduction in Cold-Water Corals
While tropical coral reproduction has been comparatively well-studied (reviewed in
Strathman 1987, Harrison 2011, Kahng et al. 2011, Wangensteen et al. 2016), reproductive
processes in deep and cold-water corals are less well-understood. Research on the reproductive
biology of corals has intensified over the last few decades, and processes and metrics such as
colony fecundity, oocyte size, reproductive periodicity and seasonality, and reproductive modes
are now well documented in a number of shallow-living species (reviewed in Kahng et al. 2011,
Harrison 2011). By contrast, species living in colder waters or beyond the photic zone have
received less attention, and as a result, much of what is known about cold-water coral
reproduction is based on a select few studies, despite the prevalence and importance of corals in
cold-water habitats worldwide (Waller 2005, Roberts et al. 2009, Watling 2011).
The process of reproduction involves several stages, each of which may be affected by
environmental stressors. The component parts – gametogenesis, fertilization, embryonic
development, larval development, and settlement – may be differentially vulnerable to
disruption. Anthozoan gametes originate in the gastrodermis, moving into the mesoglea as they
develop, maintaining contact with the gastrodermis through an accessory structure (Cappola &
Fautin, 2000; Kahng et al. 2008; Strathmann, 1987). After a period of maturation (stretching up
to 2 years in some cold-water species [Watling 2011 and references contained therein]), these
gametes are released into the gastrovascular cavity, and spawned out through the mouth in
broadcast spawning species or develop within in the gastrovascular cavity of the parent in
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brooding species (Martin 1997). While many warm-water corals reproduce seasonally, tuned to
photoperiods or lunar cycles, cold-water corals often live beyond the reach of most seasonal cues
(Waller 2005). Some cold-water corals, however, do follow a seasonal pattern of gametogenesis
and spawning, and this is thought to be cued by fluxes in phytodetrital food fall, which link the
seasonal environmental shifts of the shallows with the deep benthic habitats of most cold-water
corals (Waller 2005). Other cold-water coral species reproduce quasicontinuously, maintaining
multiple temporally staggered cohorts of gametes (Martin 1997). Like their warm-water
relatives, cold-water corals are known to exhibit a variety of reproductive strategies. For
example, some cold-water corals spawn their gametes into the water column, while other species
retain the eggs and brood them until they develop into larvae (Burgess and Babcock 2005,
Waller 2005 and references contained therein, Watling 2011).
Following successful fertilization, either internally or externally, anthozoan embryos develop
into planktotrophic (feeding on plankton) or lecithotrophic (sustained by yolk reserves) planula
larvae by a variety of different means (Martin 1997 and references contained therein). In some
species, cleavage is regular, holoblastic, and radial, while in others it is irregular and superficial
(Hyman 1940). Some species grow into a hollow blastula with an open blastocoel; in other
species, the blastocoel is absent, resulting in a stereoblastula (Figure 1.4; Hyman 1940). In some
Scleractinians, development of the blastula involves a ‘prawn chip’ stage that resembles
gastrulation, during which the coeloblastula flattens and curves to adopt a bowl-like shape
(Figure 1.4, Hayashibara et al. 1997). After this stage, true gastrulation proceeds, often primarily
by invagination, although other modes of gastrulation such as ingression have been suggested
and identified among anthozoans (Magie et al. 2007). A major challenge of understanding
anthozoan larval development is that species in this class are known to vary widely in their
12

developmental processes, but only a few model species exist whose development has been fully
described. These species that have received more attention are all shallow-water corals with
known spawning seasons, leaving the development of cold-water corals, especially those in the
deep sea, almost completely unstudied (but see Larsson et al. 2014 and Brooke & Young 2003).
Existing work to describe coral larval development suggests that after gastrulation and
planulation, the larva swims or crawls to find a suitable location to settle (Martin 1997).
Sample accessibility is a major challenge for life history studies of cold-water corals, as
study species often inhabit remote deep-water environments, which hamper or prohibit repeated
sampling, and efforts to maintain samples of study populations in aquaria is notoriously

Figure 1.4. Examples of embryological variation among corals. Left: Section through
coeloblastula with open blastocoel in Goniastrea favulus from Okubo et al. 2013. Center:
Section through solid stereoblastula with no open blastocoel in Astroides calycularis from
Goffredo et al. 2010. Right: Section through prawn chip stage in G. favulus from Okubo et al.
2013. bl, blastocoel; y, yolk; b, blastoderm; +, pseudo-blastopore
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difficult. Reproductive seasonality and phenology – the timing and synchrony of gamete release
in broadcast spawning species, or larval release in brooding species – is largely unknown for
cold-water species and larvae are generally only present ephemerally. As a result, studies on
azooxanthellate coral larvae are rare. Some recent works have capitalized on species that survive
well in aquaria, with suitable sample availability, or whose spawning season is known, to start to
investigate the early life histories of cold-water corals (Brooke & Young 2005, Waller 2005,
Mercier et al. 2011, Sun et al. 2011, Lacharité et al. 2013, Strömberg & Larsson 2017).
1.5. Stress and Coral Reproduction – A Focus on Warming
Numerous studies have endeavored to understand the impact of warming on marine
invertebrate embryos and larvae (Table 1.1). Efforts to study the stress physiology of coral larvae
have focused more on tropical, primarily zooxanthellate, species. Recent work has tried to
characterize the stress response from a gene expression or metabolic perspective (RodriguezLanetty et al. 2009, Edmunds et al. 2001, Polato et al. 2013, Ross et al. 2013), and there have
been a number of studies relating temperature to metamorphosis, motility, and post-settlement
characteristics (e.g. Edmunds et al. 2001, Bassim et al. 2003, Putnam et al. 2008). However no
studies have considered a cold-water coral subject, and most examined colonial, broadcastspawning species.
Studies focusing on the physiological responses of coral larvae to thermal stress (summarized
in Table 1.1) include several repeated themes. First, not all larval periods were equally
vulnerable to the detrimental effects of warming; rather, the early cleavage stages and later
planula stage larvae were more robust to temperature changes, while the period between blastula
and gastrula was more sensitive to thermal stress. Next, increases in temperatures resulted in
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increases in developmental rates, and often coincided with more frequent instances of larval
mortality and developmental abnormalities. Finally, these studies demonstrated that beyond
those few consistent themes, larval responses to thermal stress vary among species and in some
cases may be influenced by source location or the conditions of the parent colony during
gametogenesis. Considering taxa beyond corals, other marine invertebrates have also been the
subject of warming experiments (see Table 1.1), with similar general results: increased
temperatures resulted in faster development and often greater mortality. In some species,
however, faster development due to higher temperatures correlated with more positive outcomes,
potentially because that increased rate meant the larvae spent less time in the stages most
vulnerable to high temperatures.
Table 1.1. Selected studies on the impact of temperature on marine invertebrate larvae
Phylum
Arthropoda

Species
Carcinus
maenus

Stage tested
larval, adult

Arthropoda

Amphibalanus
improvisus
Pandalus
borealis

larval

Chordata

Styela pilicata
Microcosmus
squamiger

Fertilization,
embryogenesis

Cnidaria

Porites
asteroides

embryogenesis

Cnidaria

Diploria
strigosa

Fertilization,
embryogenesis

Arthropoda

larval

Results
increased developmental rate
decreased survivorship at extremes
larval tolerance narrower than adult
tolerance
increased developmental rate
decreased survivorship
increased developmental rate
decreased survivorship
increased metabolism and feeding
leading to fewer and smaller
recruits
decreased fertilization and aberrant
development in M. squamiger
early stages more vulnerable than
later stages
decreased survivorship
increased metamorphosis
(accelerated development)
higher frequencies of aberrant
development, observed in later
embryonic stages (4th cleavage +)
lower settlement success
lower survivorship
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Citation
deRivera et
al. 2007

Pansch et
al. 2012
Arnberg et
al. 2013

Pineda et
al. 2012

Edmunds et
al. 2001
Bassim &
Sammarco
2002

Table 1.1. continued
Cnidaria

Cnidaria

Cnidaria

Cnidaria
Cnidaria

Cnidaria

Cnidaria

Cnidaria
Cnidaria

Cnidaria

Cnidaria
Cnidaria

Favites abdita
F. chinensis
Mycedium
elephantis
Acropora
millepora
Acropora
palmata

fertilization,
early
embryogenesis

increased rate
no additional impact except in A.
millepora, which had decreased
fertilization rates and increased
developmental abnormalities in
increased temperature
increased developmental rate
increased abnormal development
peak mortality occurred around
gastrulation
decreased survivorship (factor of 8
due to 2-3.5°C increase)
shorter precompetency period

Negri et al.
2007

Fungia
repanda
Acropora
millepora
A. spathulata
Symphyllia
recta
Fungia
scutaria
Paramauricea
clavata

larval

decreased symbiont establishment
decreased survivorship
increased rate and frequency of
aberrant development
decreased survivorship
embryonic stage most sensitive
increased rate

Schnitzler
et al. 2011
Kipson et
al. 2012

Acropora
tenuis
A. millepora
Goniastrea
favulus
Acropora
spathulata

embryogenesis

increased rate in higher temperatures
decreased rate in lower temperatures
decreased survivorship at higher
temperatures
A. spathulata more sensitive than G.
favulus
increased respiration in one day
decreased survivorship after 5 days
aberrant development at high and
low temperatures
increased rate at high temperatures
F. fungites resilient to warming
L. repanda decreased survivorship

Woolsey et
al. 2013

Pocillopora
damicornis
Acropora
hyacinthus
A. muricata
Fungia
fungites
Lithophyllum
repanda
Aurelia
coerulea
Rhytisma
fulvum

larval

larval

decreased survivorship

embryogenesis,
larval

no effect of temperature before
blastula stage
decreased survivorship of planulae

Dong &
Sun 2018
Liberman
et al. 2020

embryogenesis

larval
embryogenesis,
larval

embryogenesis

embryogenesis

larval
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Randall &
Szmant
2009

Heyward &
Negri 2010

Chua et al.
2013

Cumbo et
al. 2013
Keshavmur
thy et al.
2014
Baria et al.
2015

Table 1.1. continued
Cnidaria

Nematostella
vectensis

larval

Echinoderma
ta

Meridiastrea
calcar

embryogenesis

Echinoderma
ta

Strongylocentr
otus
purpuratus
Acanthaster
planci
Arbacia lixula

larval

Arbacia lixula

fertilization,
embryogenesis

Echinoderma
ta
Echinoderma
ta
Echinoderma
ta

Echinoderma
ta
Echinoderma
ta

Echinoderma
ta
Echinoderma
ta
Mollusca

Mollusca

Mollusca

Paracentrotus
lividus
Sphaerechinus
granularis
Diadema
africanum.
Lytechinus
variegatus
Echinometra
sp.

Heliocidaris
erythrogram
ma
Arbacia
dufasnii
Bembicium
nanum
Dolabrifera
brazeri
Laternula
elliptica

Ostrea angasi

embryogenesis
larval

Fertilization,
embryogenesis
larval

embryogenesis,
larval
fertilization,
embryogenesis,
larval
larval

Fertilization,
embryogenesis

larval

parental exposure to high
temperatures improved larval
survivability
no effect of temperature until
gastrulation
after that, increased developmental
rate decreased survivorship,
decreased growth
increased developmental rate (no
increase in defects)
later embryonic stages less tolerant
of temperature increases
increased developmental rate (no
increase in defects)
differential tolerance for warming intertidal species more resilient
than subtidal species

Rivera et
al. 2021
Nguyen et
al. 2012

PadillaGamiño et
al. 2013
Lamare et
al. 2014
Visconti et
al. 2017
García et
al. 2018

decreased fertilization
increased developmental rate
parental warming resulted in more
developed larvae (increased rate)
reduced long term larval survival
larvae that were less resilient to
warm temperatures
pre-metamorphic stages less
sensitive than post-metamorphic
larvae
no impact on fertilization
increased developmental rate
increased growth rate of larvae
increased rate
increased survivorship

Lenz et al.
2019
Karelitz et
al. 2019

no impact on fertilization or
survivorship
increased developmental rate
decreased aberrant development
increased rate
increased aberrant development

Bylenga et
al. 2015
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Gall et al.
2021
Fernandez
et al. 2021
Daris et al.
2013

Cole et al.
2016

Table 1.1. continued
Mollusca

Tridacna
gigas

Fertilization,
embryogenesis,
larval

no impact on fertilization
increased rate
increased developmental
abnormalities
no veliger larvae observed at
increased temperature
decreased settlement
vulnerable in first 36 hours,
unaffected after 48 hours

Enricus
o et al.
2017

Mollusca

Limacina
helicina
antarctica
Stylocheilus
striatus

larval

decreased survivorship after short
term warming

Gardner et
al. 2017

larval

increased developmental rate
decreased hatching
decreased shell size

Armstrong
et al. 2017

Mollusca

One area receiving considerable attention is the impact of temperature on settlement behavior
or dispersal capacity (Graham et al. 2008, Randall & Szmant 2009). Warming or changing
oceans have major implications for larval dispersal, as increased temperatures are predicted to
result in shorter larval durations and more local retention of larvae (Marshall & Álvarez-Noriega
2020). This pattern is expected to be especially pronounced in polar regions, which also happen
to be some of the fastest warming regions on earth (Álvarez-Noriega 2000, Marshall & ÁlvarezNoriega 2020). For cold-water corals, larval dispersal is critical, not only for the survival of the
species but also for responding to climate change, as it is a population’s only means of shifting
their range to habitats with more favorable conditions (Miller et al. 2010, Morrison et al. 2015,
Costantini et al. 2016). Coupled with the low resilience to climate change anticipated for polar
and deep-sea species, understanding the larval ecology of cold-water corals is critical to support
effective conservation measures (Hilário et al. 2015, Przeslawski et al. 2015, Wangensteen et al.
2016).
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1.6. Goals of this dissertation
This dissertation reports on three studies relating cold-water coral reproduction and
climate change, focusing mainly on one reproductive stage in each species. First, I compare
spermatogenesis from continental shelf and shallow-water emerged populations of Primnoa
pacifica in the Gulf of Alaska and report arrested gametogenesis in the shallow populations.
Next, I investigate the effect of temperature on early development in Lophelia pertusa from the
Northeast Atlantic, revealing that temperature increased developmental rate, and consider the
consequences of that rate increase for larval dispersal and embryologic development. Finally, I
explore the impact of temperature on later larval development and settlement in Antarctic
Flabellum impensum, finding that while temperature again affected developmental rate, it did not
correlate with measures of larval stress, inhibit settlement, or increase larval mortality.
The overarching aim of this work is to unite a sampling of studies to probe the
relationship between temperature and successful reproduction in a variety of cold-water coral
species in order to better understand and predict the impact of climate change on these
foundational deep-sea organisms. The study species represent a diversity of anthozoans,
including octocorals (Primnoa pacifica) and both solitary and colonial scleractinians (Flabellum
impensum and Lophelia pertusa, respectively), different reproductive modes (Primnoa pacifica
and Lophelia pertusa broadcast spawn their gametes, while Flabellum impensum broods its
larvae), as well as a broad geographic distribution, with samples from three oceans (Pacific,
Atlantic, and Southern), and both shallow and deep cold-water sites.
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CHAPTER 2
SHALLOW-EMERGED CORAL MAY WARN OF DEEP-SEA CORAL RESPONSE TO
CLIMATE CHANGE
2.1 Chapter Introduction
Primnoa pacifica Kinoshita 1907 is a structure-forming octocoral found at depths from 91029 m across the north Pacific Ocean (Cairns & Bayer 2005, Matsumoto 2007). Colonies of P.
pacifica can grow to 5 m high and 7 m across (Stone & Mondragon 2018) and this large,
branching morphology provides valuable habitat and shelter for numerous organisms, including
commercially important fisheries species (Stone et al. 2014). As such, P. pacifica has been
identified as an ecosystem engineer and keystone species in the Gulf of Alaska (Waller et al.
2014, Stone et al. 2014, Stone & Mondragon 2018).
Recently, a population of P. pacifica was discovered in Tracy Arm, Holkham Bay,
Alaska (Waller et al. 2014, Stone & Mondragon 2018, Waller et al 2019) exhibiting a
phenomenon known as deepwater emergence, in which predominately deep-water species are
found in shallow habitats (Taylor & Rogers 2015). Deepwater emergence has been documented
in several high-latitude fjord systems such as those in Chile (Försterra & Häussermann 2003),
Norway (Hovland & Risk 2003), British Columbia (Conway et al. 2008), New Zealand (Grange
et al. 1981, Smith & Witman 1999, Roberts 2001), and Alaska (Stone et al. 2005) and offers an
exciting opportunity for access to traditionally deep-sea species. Conditions in these glacial
fjords are thought to foster deepwater emergence due to their deep sea-like oceanographic
properties (Friewald et al. 1997, Stone et al. 2005, Lindner et al. 2008). Cold water and a
sufficient supply of nutrients are washed in from deep source waters, and a surface layer of silt or
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tannin-laden glacial meltwater creates a freshwater lens that quickly attenuates light. Tidal
currents run swiftly in the narrow fjord channels, making them an ideal habitat for suspension
feeders like corals, which colonize the steep fjord walls. Taken together, these features generate
cold, dark, nutrient-rich, and fast-flowing conditions, similar to those in some parts of the deep
ocean.
The identification of this shallow-water site enabled more extensive data collection than
had been possible at greater depths, including a repeated sampling scheme to better understand
the seasonal reproductive ecology of P. pacifica over time. In the decade since its discovery, this
shallow population has supported a description of reproductive seasonality in P. pacifica,
enabled the investigation of the effect of physical damage on overall colony reproductive health
(Waller et al. 2014) and reproductive responses to ocean acidification (Rossin et al. 2019).
However, recent work comparing this shallow population with samples of P. pacifica from other
locations in Southeast Alaska found notable differences between oocyte sizes in the shallow
population and gametes from deeper living P. pacifica (Waller et al. 2019). The oocytes from the
shallow fjord site were up to three times smaller than those found in deep, offshore samples,
despite appearing to be fully mature (Waller et al. 2019).
The work in this chapter looks more closely at male gametogenesis (spermatogenesis) in
samples from shallow and deep sites in Holkham Bay, Glacier Bay National Park and Preserve,
and the Gulf of Alaska in an effort to determine whether the difference in oocyte sizes seen
previously was a result of natural variation or a clue that the fjord populations are experiencing a
consequence of the shallower environment. This work is currently in review for Nature Scientific
Reports.
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2.2 Abstract
In the Gulf of Alaska, commercially harvested fish species utilize habitats dominated by
red tree corals (Primnoa pacifica) for shelter, feeding, and nurseries, but recent studies hint that
ocean warming may be interrupting the reproductive lifecycle of the corals. The North Pacific
has experienced persistent and extreme thermal variability in recent years and this pattern is
predicted to continue in coming decades. Recent discovery of emerged coral populations in
Southeast Alaska fjords provided opportunity for detailed life-history studies and comparison to
corals in managed habitats on the continental shelf. Here we show that sperm from deep colonies
develops to a functional end stage, but in shallow colonies, sperm development is prematurely
halted, preventing the successful production of larvae. We hypothesize that the divergence is due
to differing thermal regimes experienced by the corals. Compared to deep coral populations
below the thermocline, shallow populations experience much greater seasonal thermal variability
and annual pulses of suspected near-lethal temperatures that appear to interrupt the production of
viable gametes. The unique opportunity to comprehensively study emerged populations presently
affected by climate change provides advance warning of the possible fate of deep corals in the
Gulf of Alaska that will soon experience similar ocean conditions.
2.3 Background
Red tree corals (RTC, Primnoa pacifica Kinoshita, 1907) are large, structure forming
gorgonian corals that form dense thickets and are especially abundant in distinct regions of the
North Pacific Ocean (Stone et al. 2014). This keystone species (Power et al. 1996) is
conspicuous given its large size, tree-like morphology, and brilliant coloration, and forms
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thickets at depths between 150–350 m in the eastern Gulf of Alaska (GOA; Stone et al. 2014).
These corals produce large branching colonies up to 5 m in height and width, and thus modify
small-scale ocean currents and provide extensive habitats that support high associated
biodiversity (Stone et al. 2014, Waller et al. 2019). For more than a century these corals have
inadvertently been brought to the surface by fishermen tangled in nets and lines, and became
symbolic of the rich fauna and diverse communities in Alaska’s deep marine waters.
The importance of RTC thickets in Alaska to commercially important species prompted
the North Pacific Fisheries Management Council (NPFMC) to designate those habitats as
Essential Fish Habitat in 2000 (Witherell & Coon 2000). A common bycatch species in bottom
fisheries (Krieger 2000, Stone & Shotwell 2007) with slow growth rates (1.6–2.3 cm/year) and a
long lifespan (commonly over 100 years; Andrews et al. 2002), some thickets have been severely
disturbed by fishing activities in the past (Stone et al. 2014). To protect thickets from further
disturbance, the NPFMC designated five small areas at two sites in the eastern GOA as Habitat
Areas of Particular Concern in 2006 (Stone et al. 2014, Federal Register 2017). Inside these
closures, the use of bottom-contact fishing gear is prohibited to protect the thickets, give
sanctuary to the associated species also residing there, and to provide an opportunity for research
to study the ecology and recovery of these disturbed habitats and species.
In 2003, RTCs were discovered thriving in the shallow waters (< 25 m) of glacial fjords
in Southeast Alaska, far from their typical range offshore where important fisheries occur (Stone
& Mondragon 2018). In habitats where temperature, irradiance, and salinity are similar to the
deep sea, some usually deep-living oceanic species are able to survive at much shallower depths,
a process termed deep-water emergence (Stone & Mondragon 2018). These populations of RTCs
in the cold and dark waters typical of glacial fjords were likely established through pioneer
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recruitment from deep populations outside the fjords, potentially riding more sporadic deep
currents that washed onto the continental shelf. With deeper populations often inaccessible to
researchers due to location, weather and expense; finding these populations in shallow water
provides a rare opportunity to access specimens for seasonal life history studies, including
reproduction (Waller et al. 2014, Stone & Mondragon 2018, Waller et al. 2019).
RTCs are gonochoric, producing oocytes that require up to 16 months to fully develop
and male gametes that develop in only 3–4 months, which are then broadcast spawned into the
water column (Waller et al. 2014). These characteristics indicate that RTCs likely rely on
sporadic recruitment events, potentially increasing their vulnerability to anthropogenic
disturbances (Waller et al. 2014). Recent comparisons of reproductive ecology among specimens
from shallow fjord sites (< 25 m) and deep ocean sites (< 140 m) showed comparable fecundity
but significant differences in oocyte size (Waller et al. 2019). Oocytes from shallow populations
were 2–3 times smaller than those from deep populations. Researchers presented two, untested,
alternate explanations for the size discrepancy: (a) phenotypic plasticity, whereby shallow corals
produce smaller oocytes in response to oceanographic and environmental conditions in the
shallow fjord environment, and (b) premature arrest of gametogenesis, resulting in smaller
oocytes, because the shallow populations are at a reproductive dead end (Waller et al. 2019).
In this study we undertook a detailed investigation of RTC male reproductive biology.
We compared spermatogenesis between shallow (<25 m) and deep-water (<200 m) sites in
Southeastern Alaska, using ultrastructural analysis and, in addition, examined previously
prepared histology slides to help illuminate the previous findings for female colonies.
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Figure 2.1. Map of the eastern GOA including Southeast Alaska where the sites studied are
located.

2.4 Results
We selected a subset of male red tree coral colonies from previous work (Waller et al.
2014, 2019) for examination of reproductive parameters, with samples from two deep ocean sites
in the GOA, two deep fjord sites in Glacier Bay National Park and Preserve (GBNPP), and two
shallow fjord sites in Holkham Bay (HB; Figure 2.1, Table A1). As expected (due to meiotic
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divisions during development), the nuclear diameter of individual sperm cells decreased as
spermatogenesis progressed in all specimens examined.
2.4.1 Deep Ocean Sites
Gulf of Alaska – Dixon Entrance and Shutter Ridge
Samples collected from deep-water sites in the GOA contained a full complement of the
four sperm cell stages as outlined by Szmant-Froelich et al. (1980). In samples from deep-ocean
sites, Dixon Entrance and Shutter Ridge, spermatocysts containing sperm in the final stage of
spermatogenesis (spermatozoa) were plentiful and recognizable at lower magnifications (10–
20x) by the presence and arrangement of sperm tails within the spermatocyst (Figures 2.2A &
B). At higher magnifications (≥40x), late-stage sperm could be further divided into a traditional
Stage IV with a round nucleus, and an even later stage which we termed “Stage IVb”, in which
the nucleus was further compressed into a cone shape and the spermatozoon took on an overall
morphology similar to other anthozoan sperm (Figure 2.2E, Figure 2.3; Schmidt & Zissler 1979,
Harrison & Jamieson 1991).
2.4.2 Deep Fjord Sites
Glacier Bay National Park and Preserve – Gloomy Knob and Central Channel
Samples from deep-fjord sites in GBNPP also contained all four stages of spermatocyst. In
contrast to the plentiful late stage sperm in GOA samples, only a small proportion of
spermatocysts from the deep fjord sites contained late stage sperm (3 of 158 spermatocysts
examined). This may have been a result of the timing of sample collection, but the presence of
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those few late stage sperm confirms that the deep fjord samples are capable of producing
functional male gametes.
2.4.3 Shallow Sites
Holkham Bay – Tracy Arm and Endicott Arm
Only early and intermediate stage spermatocytes were present in samples from the two
shallow fjord sites in Tracy and Endicott Arms, Holkham Bay (Figure 2.2C and Figure 2.3), as
indicated by their larger sperm nuclear diameters. The morphological structure of samples
collected over a 16 month period from Tracy Arm was also investigated using transmission
electron microscopy (Figure 2.2D), but no ultrastructural evidence of mature spermatozoa or
late-stage spermatogenesis was found in any sample despite their distribution across a full
seasonal cycle.
2.4.4 Temperature
At the time of collection, the mean monthly temperature at Shutter Ridge, a deep ocean
collection site, was 5.4°C, and the annual mean temperature was 5.8°C. At Tracy Arm, a shallow
fjord collection site, the mean temperature during the months of collection were 5.2 and 3.6°C,
and the annual mean temperature was 4.4°C. At Central Channel, a deep fjord collection site, the
temperature during the month of collection was 6.1°C, and the mean annual temperature was
6.2°C. Using the National Park Service Southeast Alaska Inventory and Monitoring Network’s
long term oceanography cast data, we found that over the last 20 years, the temperature of water
at the Central Channel collection site, at 245 m, below the thermocline, has varied annually by
0.5 – 1.9°C, (from an average low temperature of 4.6°C to an average high temperature of 5.8°C)
while the temperature at 15 m (the same depth as the shallow fjord site in
27
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Figure 2.2. Differences in spermatogenesis between shallow and deep P. pacifica. A) Several
spermatocysts of different stages shown in histological section from a deep specimen. sc:
spermatocyst, scale bar = 200 mm. B) Two spermatocysts from a deep specimen at an (a)
intermediate stage of development and (b) a late stage of development. Note the appearance of
pink bundles of sperm tails in the late-stage spermatocyst not present in the intermediate stage.
Scale bar = 100 mm. C) Section through a representative of the latest stage spermatocyst found
in any shallow water sample, embedded in resin. Scale bar = 100 mm. D) Electron micrograph of
the spermatocyst shown in (C), showing sperm cells early in their developmental process, having
no ultrastructural characteristics of late-stage spermatozoa. Scale bar = 10 mm. E) Lightmicroscope image of a spermatocyst from a deep ocean specimen containing spermatozoa with
purple-stained nuclei. This latest stage of spermatogenesis is recognizable particularly by the
change from a spherical to a cone-shaped nucleus (arrowhead). Scale bar = 25 mm. (A, B, and E
stained with hematoxylin and eosin; C stained with Richardson’s stain; D stained with lead
citrate and uranyl acetate.)
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Figure 2.3. Spermatogenesis and temperature in deep ocean (A, D), deep fjord (B,E), and
shallow fjord (C, F) sample populations and sites. Nuclear diameters of sperm cells (A-C)
decrease as spermatogenesis progresses. Each bar represents the distribution of sperm nuclei in a
single spermatocyst (see Table 1 for n). The range of nuclear diameters of functional, end-stage
spermatozoa (mean >2.25 m) is shown by the blue rectangle. In deep water sites (A: GOA –
Dixon Entrance and Shutter Ridge, B: GBNPP – Gloomy Knob and Central Channel), mature
spermatozoa with such small nuclear diameters were found (boxes in A, B). By contrast, in
shallow populations (C: HB – Tracy Arm and Endicott Arm) spermatozoa with such small nuclei
were absent (box in C), indicating that spermatogenesis was prematurely arrested. Thermal
regimes (D-F) differed at the collection sites, shown in mean daily water temperatures (grey
lines) measured at Shutter Ridge (D, 209 m) and Tracy Arm (F, 15 m), and monthly
temperatures (black lines) measured at Shutter Ridge, Central Channel (E, 245 m), and Tracy
Arm. Both deepwater sites (D, E) had more stable temperatures than the shallow water site in
Tracy Arm (F).
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Tracy Arm) has varied by 2.75 – 4.5°C (from an average low temperature of 4.3°C to an average
high temperature of 8.0°C)15 (Appendix Figure A1). Thus, at this sampling location, the annual
range of temperatures in shallow water has been at least double that of the deep water beneath
every year since 1999. In five of the last ten years, the shallow water has been over three times
more thermally variable than the water at depth, and in the last two years, a particularly stable
temperature at depth resulted in shallow water that was more than 5 times more thermally
variable than the water below the thermocline. In 2018 and 2019, water at depth (225 m) ranged
from 4.9 – 5.7°C at a minimum to 5.5 – 6.3°C at a maximum; in shallow water (15 m), the
minimum temperature was 3.1 – 4.4°C, while the maximum was 8.0–8.1°C. The annual
temperature ranges from Shutter Ridge and Tracy Arm fit this pattern of greater variability in
shallow waters, with the Shutter Ridge (208 m) temperature ranging between 1 – 2.1°C annually,
from a low temperature of 5.3 – 5.5°C to a high temperature of 6.2 – 7.7°C, and the Tracy Arm
temperature ranging 3.0°C annually, from a low temperature of 3.1 – 4.4°C to a high temperature
of 5.5 – 6.1°C (Appendix Figure A2.1).
2.5 Discussion
In this study we compared red tree coral spermatogenesis between shallow- (<25 m) and
deep-water (<200 m) sites in Southeast Alaska (above and below the regional thermocline), and
though we found mature spermatozoa in individuals from the deep sites, spermatogenesis did not
progress beyond an intermediate stage in individuals from the shallow sites. Prematurely arrested
development of both male and female gametes in shallow RTC colonies suggests that the
shallow, deep-sea emergent populations are not reproductively competent and are likely not to be
producing viable larvae on regular timescales or capable of contributing to the local gene pool.
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These findings beg answers for two important questions: 1) why are the shallow-water corals
reproductively incompetent, and 2) how are the shallow-water populations sustained?
Deep-sea emergent populations of RTCs in the glacial fjords of Southeast Alaska are
living near the edge of their physiological tolerance (Stone & Mondragon 2018), particularly
those living in very shallow water where temperatures vary 2-7x more than in deep water, and
seasonally reach 7.5–8.0°C, a condition apparently lethal when maintained for several days in
laboratory studies (Stone and Mondragon 2018). Colonies living closest to tidewater glaciers,
where seasonal melting results in very high sedimentation and turbidity, also suffer from severe
stress. We have demonstrated conclusively that emergent populations in the fjords do not
produce functional sperm as observed in deeper populations. The presence of late-stage sperm in
deep fjord colonies in Glacier Bay, collected below the seasonal thermocline in thermally stable
water, suggests that the shallow populations are likely seeded by healthier populations in the
deep fjords, at least presently. The shallow-water corals may have once been reproductively
viable and “self-sustaining” populations but as the seasonal high temperatures have increased
with the warming of the North Pacific (Stone & Mondragon 2018, Cheng 2020), we suggest the
greater thermal variability of the last few decades has caused physiological stress with dire
consequences for reproductive output. This process has been exacerbated by the rapid retreat and
recent grounding of many of the tide-water glaciers in the fjords, which are the engines driving
the conditions suitable for deep-sea emergence there (Stone & Mondragon 2018). If greater
thermal variability and warmer temperatures are the cause of reproductive dysfunction, then the
shallow fjord populations serve as sentinels for future effects of climate change and ocean
warming on deep-water populations.
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End of century climate scenarios predict substantial warming of the World’s oceans,
including the GOA where presently healthy and abundant RTC populations reside (Sweetman et
al. 2017). Temperature probes moored on the seafloor at several deep ocean sites in the eastern
GOA recorded temperature every six hours from August 2013 to June 2015, providing valuable
data on the current thermal regime experienced by RTCs. Of particular relevance were the high
temperatures (10°C) experienced by corals during November 2014. These temperatures are
known to be well within the lethal range for RTCs held in the laboratory (R. Stone, unpublished
data). The annual mean temperature at a depth of 197 m (Shutter Ridge) was 0.36°C warmer in
2014 than in 2013 (when our samples from this location were collected) and the annual mean
temperature at a depth of 143 m (Fairweather Ground) was 0.90°C warmer in 2014 than in 2013
(R. Stone, unpublished data). Our Dixon Entrance location does not have temperature records but
is further south than either of these two areas and in deeper waters, thus outside the zone the
warm core ‘blob’ is thought to have reached (Walsh et al. 2018). These observations indicate
that the marine heat wave or “warm blob” experienced in the North Pacific Ocean in recent years
reached to depths occupied by RTCs (Walsh et al. 2018), putting them under severe thermal
stress.
Oceanographic data collected during the past several decades at the study sites indicate
that the range of temperatures at shallow sites are more than double and up to seven times that of
the deep sites, even with the fluctuations recorded in 2014. In addition to annual and seasonal
fluxes, including a seasonal period of near-lethal temperatures (Stone & Mondragon 2018), the
shallow sites experience much greater short-term variability. Environmental stress affects
reproductive output in corals (Randall et al. 2020) as the limited energetic reserves are
partitioned between basic core processes (homeostasis, reproduction, growth) and responding to
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stressors (Leuzinger et al. 2012). Signs of this stress are already physically apparent in RTCs
emerged in the shallow depths of the fjords and those nearest the retreating tidewater glaciers
where conditions are presently sub-optimal (Stone & Mondragon 2018). The corals there have an
atypical morphology with slender branches and far fewer polyps, to such an extent that they were
first thought to be a different species. Detailed morphological and molecular genetic examination
indicated that they were an ecomorph responding phenotypically to the marginally tolerable
conditions there (Stone & Mondragon 2018). We suggest that these same conditions,
particularly the increased thermal stress, are largely responsible for the reproductive dysfunction
of the shallow-emerged corals, even in those that exhibit the “typical” or “healthy” morphology.
The physiological consequences of thermal stress on cold-water corals vary among
species, but generally, warmer temperatures have been linked to increased mortality (Sweetman
et al. 2017, Naumann et al. 2014), decreased calcification rates (Gori et al. 2016), and delayed
recovery from short-term pollution exposure (Weinnig et al. 2020). Less attention has been paid
to the impacts of temperature on gametogenesis in corals. In other marine invertebrates,
increased temperature has been shown to disrupt reproduction by negatively impacting
gametogenesis (echinoderms; Johnstone et al. 2019), reducing gamete quality (echinoderms;
Bögner 2016), and reducing spawning and spermatogenesis (bivalves, Nash et al. 2019;
cephalopods, López-Gallindo et al. 2019). Additionally, most experiments investigating the
impact of thermal stress focus on the effect of steadily increased temperatures, not overall
thermal variability.
While the presence of atypical ecomorphs and mature but non-reproductive colonies are
obvious examples of physiological stress, the presence of reproductively incompetent colonies is
much less outwardly apparent. Our findings demonstrate that the absence of terminal (and
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thereby functional) gametogenic stages is a subtle, but impactful, consequence of life at the edge
of physiological tolerance. Unlike immature or non-reproductive colonies characterized by a
complete lack of gametes, these reproductively incompetent colonies produce gametes that
progress through some of the gametogenic program, but are not fully formed, rendering the
colonies incapable of producing larvae. An important feature of this dysfunction unique to deepsea organisms is how easily it might be overlooked in standard deep-sea collections. The deepsea environment is remote, requiring resource-intensive, logistically complex sampling efforts.
In many cases, sampling is inadequate and rarely can the same individual or population be
resampled, an important aspect of any scientific study. Often, assessments of reproductive
seasonality of deep-sea organisms take place at the same time as the initial description of
gametes in that species, resulting in a limited data set and a lack of temporal perspective.
In the absence of the context provided by examples of late stage gametes and a repeated,
comprehensive sampling protocol, both of which are often lacking in deep sea species due to
sampling constraints, reproductive dysfunction as observed in RTC would likely go unnoticed. In
Tracy Arm, males progressed through a seasonal pattern of spermatogenesis, but when compared
with a late-stage spermatozoan from a deepwater site, it became clear that, despite the seasonal
pattern, the Tracy Arm sperm were not maturing to a terminal, functional stage. This example
highlights the importance of late-stage gametes as context to identify reproductive dysfunction.
Comprehensive sampling is also key, as the lack of mature sperm in a single sample would be
disregarded as a feature of reproductive seasonality rather than flagged as evidence of
reproductive dysfunction. The findings reported here were only possible because the Tracy Arm
colonies were studied extensively over 16 months, in comparison to the other sites, which were
sampled once or twice. Additionally, the lack of mature sperm in Tracy Arm despite thorough
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sampling emphasizes the difference in the condition of gametes between colonies from Tracy
Arm and the deep water sites, which had obvious, late-stage sperm despite being sampled so
much less.
A major implication of these findings hinges on the temporal relationship between fjord
and open-ocean oceanography. In the coming decades, deep-ocean coral habitats in the GOA that
currently host thriving P. pacifica populations are expected to see temperature regimes similar to
those present in the fjord environments (Walsh et al. 2018, IPCC 2019, Cheng 2020) and will
likely experience additional extreme events such as the marine heatwaves of 2014 and 2016,
which, in 2016, penetrated to depths beyond 300 m (Walsh et al. 2018). Should these thermal
predictions be realized, the corals forming the massive thickets at depth, like their shallow-water
fjord counterparts, will soon be bathed in seawater at the limit of their physiological tolerance,
and may consequently become largely non-reproductive populations. It is unknown how
widespread the phenomenon of reproductive dysfunction is among deep-sea emergent species,
but it is likely that other shallow-emerged communities worldwide will experience the
environmental stresses associated with global climate change ahead of their deep-sea
counterparts. Shallow populations could serve as sentinels for species-level stress responses,
providing researchers with an opportunity to look closely at accessible, shallow-emerged
populations for sub-lethal stress effects before they manifest in deep sea populations.
Further, the description of reproductive dysfunction as a cryptic intermediate thermal
stress response highlights an important distinction between species presence and reproductive
capacity. Though the upper thermal tolerance for the species is reported as 7.5 C (Stone &
Mondragon 2018), the proportion of nonviable colonies globally in that range due to the adverse
reproductive effects of thermal stress is not known. In the context of intermittent warm water
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events, likely a more frequent feature of the GOA in the future, there are currently no published
studies investigating the ecological impacts of thermal variability on P. pacifica. Learning what
duration of exposure to warmer temperatures is sufficient to cause harm to gametogenesis, or
how much thermal variability might be tolerable, in terms of both the magnitude of temperature
flux and the duration of the anomaly, would be valuable tools to help preserve RTC populations
and the ecosystems they support.
The protection of several major RTC thickets in the eastern GOA as Habitats of
Particular Concern in 2006 (Stone et al. 2014, Federal Register 2017) was an important first step
in the conservation of crucial fisheries habitat. However, one of the underlying principles of the
closures was that sanctuary in these areas containing large numbers of reproductive colonies
would preserve a source of recruits for unprotected coral habitats in the region. The findings
presented here challenge that principle, suggesting that protected RTC thickets might not be
reproductively healthy in a warming GOA. Due to their role as keystone species, unsuccessful
RTC reproduction would have cascading effects on the GOA ecosystems including habitat loss
for important fisheries species, but without sampling and analysis to reveal truncated
gametogenesis or reproductive dysfunction, plans for protected areas and models of larval
dispersal are likely to mischaracterize reproductively dysfunctional populations as potential
larval sources or refugia. Given the importance of RTCs as fisheries habitat in the Northeast
Pacific Ocean we strongly urge that additional studies on their reproductive ecology (including
thermal tolerance) and larval dispersal be undertaken and that the coral thickets in the eastern
GOA be highlighted for state-of-the-art oceanographic monitoring now.
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2.6 Methods
All Primnoa pacifica samples for this study (Appendix Table A2.1) were collected with SCUBA
or Remotely Operated Vehicles (ROV; Waller et al. 2019, Stone & Mondragon 2018).
Histological samples were initially prepared and examined using the techniques described by
Waller et al. (2014, 2019).
2.6.1 Deep Ocean Sites – Gulf of Alaska: Dixon Entrance and Shutter Ridge
Dixon Entrance and Shutter Ridge are located on the continental shelf in the eastern Gulf
of Alaska on the continental shelf edge. Dixon Entrance is a deep basin that separates northern
British Columbia (Canada) and Southeast Alaska. It is partially bounded by glacially scoured
bedrock and littered with glacial dropstones (Barrie & Conway 1999). Shutter Ridge is a series
of pinnacles located 28 km west of Cape Ommaney, Baranof Island (Stone et al. 2014). Dixon
Entrance colonies were sampled with the ROV Zeus II (Pelagic Research Services) in June 2015
at depths between 160 and 340 m. Shutter Ridge colonies were sampled using the ROV H2000
(Deep Ocean Exploration and Research) in August 2013 at depths between 162 and 223 m. Five
male specimens were selected for analysis from the Dixon Entrance collection and three from the
Shutter Ridge collection (Appendix Table A2.1).
2.6.2 Deep fjord sites – Glacier Bay National Park and Preserve: Gloomy Knob and Central
Channel
Glacier Bay is located in the northern inside waters of Southeast Alaska and is a system
of glacially derived fjords with two main fjords (the East and West Arms) branching from the
Central Channel (Stone & Mondragon 2018, Hartill et al. 2020). The bay is strongly influenced
by tidewater glaciers, including McBride Glacier in the East Arm, and Johns Hopkins, Margerie,
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and Lamplugh Glaciers, in the West Arm (Stone & Mondragon 2018). The two arms of the fjord
join in the main section of the bay known as the Central Channel and the main bay continues out
over the terminal moraine through Icy Strait into the eastern GOA (Hartill et al. 2020). The
Central Channel is an area of relatively flat seafloor and influenced by glacial water from both
arms. Gloomy Knob is located in the West Arm, 40 km from the head of the fjord (Hartill et al.
2020). Colonies at both sites were sampled with the ROV Kraken II (University of Connecticut)
in March 2016 at depths between 295–392 m (Gloomy Knob, N = 13) and 241–299 (Central
Channel, N = 30). From those collections, 8 and 10 male specimens were selected for analysis
from the Gloomy Knob and Central Channel collections, respectively (Appendix Table A2.1).
2.6.3 Shallow Fjord Sites – Holkham Bay: Tracy and Endicott Arms
Tracy and Endicott Arms are the northern and southern Arms of Holkham Bay,
respectively (Stone & Mondragon 2018). Tracy Arm has a maximum depth of 378 m and
terminates in two rapidly retreating tidewater glaciers, the Sawyer and South Sawyer (Stone &
Mondragon 2018). The Tracy Arm collection site is located 14.5 km from the head of the fjord
on a vertical wall composed of graywacke and graniodorite (Waller et al. 2014, Stone &
Mondragon 2018, Waller et al. 2019). Tagged colonies (N = 38) were sampled with SCUBA
every 3 months over a 16-month period (September 2010-January 2012), at depths of 10–17 m
(Waller et al. 2014). Additionally, some of these colonies were resampled in January 2013 and
February 2018. Three male specimens representing the latest stage of spermatogenesis present in
any sample from the Waller et al., 2014 study were selected for analysis (Appendix Table A2.1).
Endicott Arm reaches more than 350 m deep and terminates at the tidewater Dawes
Glacier (Waller et al. 2019). The collection site, where colonies were sampled by SCUBA and

40

ROV in 2014 at depths between 14–40 m, is 7.9 km from the head of the fjord (Stone &
Mondragon 2018, Waller et al. 2019). From that collection three male specimens were selected
for analysis (Appendix Table A2.1).
2.6.4 Histology
All specimens used in this study had been previously assayed using histological
techniques to describe reproductive seasonality: oocytes had been measured and spermatocysts
had been staged (GOA, HB: see Waller et al. 2014, 2019; GBNPP: Waller et al. 2019, Waller
unpub.). From that analysis, 3–10 samples from each site were identified that would provide a
full complement of spermatocyst stages and representation of the latest stages in particular,
according to the sperm staging protocol previously developed for the species (Waller et al. 2014)
and adopted by researchers thereafter (Rossin et al. 2019, Waller et al. 2019). The aim was to
measure nuclei from 30 spermatocysts of each stage present, which in some populations required
only a few individuals, but in other populations with fewer spermatocysts in each individual,
required more individuals be included to meet that target. These samples were re-assayed at
higher magnification (600x and 1000x) under oil immersion using an Olympus BH-2 compound
microscope to identify characteristics that would indicate late-stage spermatozoa such as the
presence of tails and narrowed, conical sperm nuclei (Szmant-Froelich 1980).
2.6.5 Electron Microscopy
In addition to the histological analysis completed above, select coral tissue from each of
the eight sampling periods (September 2010-January 2013) in Tracy Arm (Waller et al. 2014)
were preserved for electron microscopy. In specimens collected between September 2010 and
January 2013, the samples were preserved immediately upon collection and later shipped to the
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Darling Marine Center for analysis. Of these, 26 specimens were examined for ultrastructural
indications of mature spermatozoa. In February 2018 samples from specimens at the Tracy Arm
site were shipped live to the Darling Marine Center (Walpole, Maine) where they were preserved
for electron microscopy. Spermatocysts were dissected out of three specimens from this
collection and examined for ultrastructural evidence of mature spermatozoa.
Samples for electron microscopy were preserved by immediately excising polyps
containing gametes (oocytes and spermatocysts) and fixing them in 4% glutaraldehyde in 0.1 M
sodium cacodylate buffer for 1 hour, washing them in 0.1 M sodium cacodylate with 0.4 M
sucrose for 1 hour, then post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate for
40–60 minutes. Samples were kept at 4°C throughout the fixation process then dehydrated to
70% ethanol.
Full polyps and spermatocysts sampled for transmission electron microscopy were further
dehydrated in a graded ethanol series, washed in propylene oxide (three washes for 10 minutes
each), and embedded in Epon (EMBed-812 Embedding Kit, Electron Microscopy Sciences).
Semi-thin (0.5 micron) and ultrathin sections were cut on a Porter-Blum MT2-B ultramicrotome.
Semi-thin sections were mounted on glass slides, stained with Richardson’s stain, and coverslipped. These sections were examined and imaged at 600x under oil immersion using an
Olympus CX31 compound microscope. Ultrathin sections were mounted on G-200 copper grids
and stained with aqueous uranyl acetate and lead citrate. Ultrathin sections were examined and
imaged using a Philips CM10 transmission electron microscope operated at 100kV and fitted
with a Gatan Orius 830 camera running Digital Micrograph.
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2.6.6 Temperature
Temperatures were collected every six hours from temperature loggers deployed at the
study sites at Shutter Ridge from August 2013 to June 2015 (GOA, R. Stone unpublished data)
and Tracy Arm (HB; Waller et al. 2014) from September 2010 to January 2012. Monthly
temperatures from these sites were generated by averaging the temperatures collected over the
month.
GBNPP temperature data was collected during long term monthly monitoring of the
oceanography of the region by the National Park Service Southeast Alaska Network (SEAN).
The study site at Central Channel used in this study corresponds to a sampling station with
monthly CTD casts profiling the water column by meter to depths of over 300m from 1999 to
present. Data from the depth of coral collection (242 – 295 m) for a period of March 2015 to
October 2017 were included in this analysis, as well as corresponding data from 15 m depth.
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CHAPTER 3
IMPACT OF WARMING ON EARLY LARVAL DEVELOPMENT IN
LOPHELIA PERTUSA
3.1 Chapter Introduction
Lophelia pertusa is a colonial scleractinian that forms extensive reef structures in the
deep ocean. With a cosmopolitan distribution, these reefs are highly valuable as hotspots of
diversity. Some organisms have only been found exclusively within L. pertusa frameworks, such
as Eunica norvegica, a polychaete, Munidopsis serricornis, a squat lobster, and Rhabdopleura
normani, a hemichordate (Jensen & Fredriksen 1992). L. pertusa inhabits depths of 40-3300 m,
and its geographic range is largely shaped by the locations of water masses at temperatures
ranging from 4-12C, which are supersaturated with respect to aragonite, and have salinities
between 34 and36 psu (Davies & Guinotte 2011, Roberts et al. 2009). In the Northeast Atlantic,
L. pertusa is most commonly found between 200 and1000 m depth, where temperatures range
from 6 to 8C (Friewald et al. 2004). L. pertusa reproduces by fragmentation of adult colonies or
annual broadcast spawning (Waller & Tyler 2005), and the timing of the spawning period varies
among populations from different locations (Brooke & Järnegren 2013).
The massive structures that L. pertusa generates are threatened by mechanical damage of
bottom-contacting fishing practices as well as by changes in ocean temperature, chemistry, and
circulation. Projections for future ocean warming and acidification are particularly concerning,
as those conditions will make calcification more challenging and weaken existing coral
frameworks (Howes et al. 2015, Hennige et al. 2020). Recent awareness of the ecological
importance of L. pertusa to commercially important species and its vulnerability to fishing
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damage have resulted in more protections for L. pertusa habitats, especially in the North
Atlantic, but it is still unknown how L. pertusa will cope with impending climate change.
Experiments have investigated the response of L. pertusa to acidification (Form & Riebesell
2012, Maier et al. 2013a, 2013b, Brooke & Järnegren 2013, Georgian et al. 2014, Lunden et al.
2014, Gómez et al. 2018), warming (Lunden et al. 2014, Büscher et al. 2017, Weinnig et al.
2020), hypoxia (Dodds et al. 2007, Lunden et al. 2014), sedimentation (Larsson et al. 2013), and
toxic exposures (Weinnig et al. 2020), and some researchers have begun to consider
multifactorial experiments (Lunden et al. 2014, Weinnig et al. 2020).
While this body of work has made L. pertusa one of the most well-studied cold-water
coral species, almost all of those studies have focused on adult corals (but see Larsson et al.
2014, Strömberg et al. 2017). Successful fertilization, embryogenesis, and larval dispersal are the
keys to range expansion and species survival, and are likely to be negatively affected by
environmental changes such as warming. L. pertusa is a promising study species for reproductive
and larval studies because its spawning season is known, it survives well in aquaria, and it will
reproduce in captivity. In contrast to the majority of cold-water corals, this presents a significant
opportunity for experimentation. The work presented here reports on L. pertusa larvae raised at
four different temperatures to provide a first description of internal larval development in this
species at an ambient temperature and to determine the effect of temperature on larval
development.
3.2 Background
Lophelia pertusa is an azooxanthellate framework-forming scleractinian with one of the
most widespread distributions of any cold-water coral (Roberts et al. 2006). L. pertusa provides
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valuable ecosystem services by generating massive, three-dimensional calcium carbonate
structures that alter local hydrodynamics and sediment characteristics, thereby creating a
multitude of diverse microhabitats and increasing general habitat heterogeneity (Roberts et al.
2009, Thurber et al. 2014). Deepwater L. pertusa reefs in the North Atlantic alone harbor over
1300 associated species, including commercially important fisheries species (Roberts et al. 2006,
Costello et al. 2005).
Of the deep-sea corals, L. pertusa is among the best studied species, perhaps due in part
to its broad distribution and the recent recognition of its importance to commercial fisheries
(Roberts et al. 2009). This coral can be found in waters from 60 to 3330m depth in all but the
Southern Ocean, at water temperatures of 4-15°C (Roberts et al. 2009). Larval L. pertusa require
a hard substrate for their initial settlement, and colonies are frequently found on bathymetric
features with high relief and strong current regimes (often coinciding with high productivity)
such as mound structures, ridges, canyons, and seamounts (Genin et al. 1986, Frederiksen et al.
1992, Thiem et al. 2006, Form and Riebesell 2011). L. pertusa reef systems have been mapped
throughout the Atlantic and Pacific oceans, but new discoveries are still being made. For
example, an 85-mile long L. pertusa reef was uncovered off the coast of South Carolina as
recently as 2018 (Cordes et al. in prep). L. pertusa reefs form dense bands along the eastern and
western Atlantic continental margins, from the Barents Sea to the coast of West Africa in the
east, and from Nova Scotia to the Gulf of Mexico in the west (Friewald et al. 2004). An analysis
of genetic continuity across the North Atlantic revealed four distinct genetic groups that
corresponded to ocean regions, suggesting that, while occasional long-distance larval transport
likely occurs, many L. pertusa larvae recruit locally (Morrison et al. 2011).
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Work over the last two decades has resulted in a detailed understanding of L. pertusa
ecology, including growth rates from multiple locations (Mortensen et al. 1998, Gass and
Roberts 2006, Orejas et al. 2008, 2011, Brooke and Young 2009, Sabatier et al. 2012, Larcom et
al. 2014), seasonal controls on growth (Maier et al. 2020), habitat preferences for settlement
(Form and Riebesell 2011), general reproductive characteristics (Waller and Tyler 2005, Brooke
& Järnegren 2013), and feeding (Becker et al. 2009, Dodds et al. 2009, Mueller et al. 2014, van
Oevelen et al. 2016), including how feeding may be influenced by volume and flow (Purser et al.
2010, Larsson et al. 2014, Orejas et al. 2016). Recent work has focused on the impact of
environmental changes and anthropogenic disturbances on L. pertusa survival, growth, and
fitness, with several experiments looking into the response of L. pertusa to climate-changerelevant variables such as temperature, ocean chemistry, dissolved oxygen, and sedimentation
(Larsson 2014, Lunden et al. 2014, Hennige et al. 2014, Büscher et al. 2017, Weinnig et
al.2020). While most work to date has focused on adult L. pertusa, particularly studies
investigating the impacts of environmental changes and anthropogenic disturbance (but see
Larsson et al. 2014, Järnegren et al. 2017), reproduction, early life history, and larval biology is
better understood in L. pertusa than in many cold water corals (Waller 2005, Larsson et al. 2014,
Strömberg and Larsson 2017), providing a foundation for further questions about the resilience
of L. pertusa larvae to environmental conditions.
L. pertusa is gonochoric and reproduces by broadcast spawning (Waller and Tyler 2005,
Brooke & Järnegren, 2013). Spawning occurs annually, as a single cohort of gametes is
developed and spawned over a period of weeks to months, at different times of year depending
on location (NE Atlantic: Waller and Tyler 2005; Trondheim in Norway: Brooke and Järnegren
2013; SW Atlantic: Pires et al. 2014). Larval development is slower in L. pertusa than in other
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scleractinian species, likely largely due to the lower temperature of its habitat (Larsson et al.
2014, Brooke and Young 2005). Larvae develop from zygotes to fully ciliated planulae within
two weeks of fertilization, with early cleavages occurring every 6-8 hours and indications of
gastrulation appearing during days 6 to 8 post fertilization (Larsson et al. 2014). The larvae of L.
pertusa are known to have the potential for long-distance dispersal given their longevity and
behavior in the lab (Strömberg and Larsson 2017). Larvae migrate upwards for the first 5 weeks,
then shift to a primarily downward direction of migration (Strömberg and Larsson 2017). During
experiments to simulate these vertical migrations, L. pertusa larvae crossed salinity gradients and
withstood lower salinities (~25 psu), indicating that they may reside in the faster-moving
currents of the photic zone for some of their pelagic phase. Interestingly, L. pertusa larvae raised
at 12°C rather than the ambient 8°C developed twice as quickly (Strömberg and Larsson 2017).
This change in developmental rate within the range of temperatures that L. pertusa experiences
in its native distribution could be consequential for larval dispersal. Understanding the
relationship between temperature and developmental rate would be important to inform models
estimating population connectivity and L. pertusa conservation throughout their range.
All investigations of larval morphogenesis and development in L. pertusa thus far have
relied on external observations utilizing light microscopy and scanning electron microscopy.
However, in order to better understand larval development, particularly with respect to changes
due to environmental perturbations, descriptions of internal larval development are vital. Larvae
that appear unaffected based on live observations or external examination may, in fact, be
experiencing disruption to internal processes such as cell cleavage in the earlier stages or
gastrulation in older larvae. We studied L. pertusa larvae raised in a series of temperature
treatments, sampled periodically during early development, and sectioned to assay
49

developmental markers and determine how changes in temperature affected their development
from zygote to planula.
3.3 Methods
Live samples of L. pertusa were collected from the Tisler Reef in November and
December 2018 and transported to the Tjärnö Marine Laboratory (TML) to be maintained in
aquaria through the spawning season of January through March (Brooke and Järnegren 2013).
Male and female colonies of L. pertusa were maintained in tanks in a walk-in incubator room at
the TML set up for this purpose and held at 8°C, the ambient water temperature at the collection
site during this time of year. Colonies were sexed by histological identification of oocytes and
spermatocysts. Males were placed on one side and females on the other to allow for the exchange
of water and potential spawning cues, but also to slow fertilization in the event of spawning.
Spawning was initiated by modulating the flow within the systems: alternating a slow and
fast flow for three 8-hour periods. After these flow changes, the colonies were monitored every
two hours for spawning behavior, during which the tentacles are inflated and the oral area
thickens (Strömberg 2016). Once this behavior was observed, spawning usually followed within
two hours, and gametes were collected from spawning polyps with sterile pipettes into sterile
glassware. On February 14th, 2019 at 8:30AM, spawning was observed in one male and one
female from separate tanks. Sperm were collected as close to the polyp mouth as possible. A
small aliquot of sperm was killed and stained with a partial drop of lugols solution and counted
using a hemocytometer under a compound microscope. A total of 500 oocytes was collected and
washed in 0.2μm filtered seawater. Of these oocytes, 240 were used to measure fertilization and
mortality in different temperatures and 260 were used to monitor development.
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For the fertilization and mortality experiments, four treatment bottles and four
fertilization control bottles were prepared, one treatment and one control for each of the four
temperatures tested. In treatment bottles, 30 oocytes were combined with 0.75mL of sperm
concentrate (~ 800,000 sperm per milliliter) in 30mL of 0.43μm filtered seawater. Control bottles
were prepared the same way, but no sperm concentrate was added. Pairs of bottles, one treatment
and one control, were placed in chillers set at 4°, 12°, and 16°C. Another pair was kept in a walkin incubator maintained at 8°C. These experiments were checked after 24 hours, at which point
the water was changed and then again after 96 hours. At both checks, the number of fertilized
oocytes (larvae), and unfertilized oocytes was recorded in each temperature pair.
For developmental analysis, 20 oocytes were separated out to serve as negative
fertilization controls, and the remaining 240 oocytes were divided into four sterile watch glasses.
Sperm concentrate was added to each watch glass (0.75mL, as in the fertilization and mortality
experiment), containing 60 oocytes and approximately 30 mL of 0.43 μm-filtered seawater. The
20 control oocytes in 30 mL of filtered seawater and one of the watch glasses containing sperm
and oocytes were placed in a 8°C walk-in incubator. The other three watch glasses containing
sperm and oocytes were placed in chillers set at 4°, 12°, and 16°C. Twelve hours after sperm and
oocytes were combined, oocytes were observed for signs of fertilization, and, after confirming
that the negative fertilization controls had not divided, those that had progressed to at least the
two-cell stage were further separated into seven 50 mL bottles per temperature, each with 8
fertilized oocytes in 30 mL of filtered seawater. One of these bottles was removed at 24hrs, 30
hrs, 36 hrs, 48 hrs, 72 hrs post fertilization (hpf), and at 5, 7, and 9 days post fertilization (dpf), at
which point the contents of that bottle were observed and described using a dissecting scope,
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then fixed for electron microscopy. In some cases, no sample remained to be preserved, leading
to different total sample counts in different temperatures (Table 3.1).
Fertilized oocytes and embryos were processed by being initially fixed in 4%
glutaraldehyde in 0.1 M sodium cacodylate, washed with 0.1 M sodium cacodylate with 0.4 M
sucrose for 1 hour, then post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate for
40–60 minutes. After fixation, samples were dehydrated in a graded ethanol series, put through
three 10 minute washes of propylene oxide, and individually embedded in Epon (EMBed-812
Embedding Kit, Electron Microscopy Sciences). Samples were transported to the Darling Marine
Center at the University of Maine after being embedded.
Table 3.1. Number of L. pertusa larvae sampled at each timepoint from four temperatures.
Temperature
Timepoint
4°C
8°C
12°C
16°C
24 hours
4
7
5
5
30 hours
5
7
5
3
36 hours
5
5
4
48 hours
4
5
8
72 hours
5
1
2
5 days
4
3
1
7 days
1
2
1
9 days
1

Semi-thin (0.5-0.75μm) sections of embedded materials were cut on a Sorvall JB-4
ultramicrotome, mounted on glass slides, stained with Richardson’s stain, and coverslipped. One
specimen per timepoint in each temperature was serially sectioned, with all sections being saved
as soon as tissue was visible after trimming. Sections were batched into groups of 4-7 as they
were sliced, so that there was an approximate progression through the sample. This approach
helped generate a full understanding of the internal anatomy of the specimen despite the fact that
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orientation in the Epon block, and therefore, sectioning plane, was variable. Serially slicing the
entire specimen was the best way to minimize interpretation errors resulting from differences in
sectioning plane between samples and to be sure that the entire internal anatomy of each sample
was examined. These sections were viewed using an Olympus CX31 compound microscope and
imaged using InfinityAnalyze.
3.4 Results
3.4.1 Fertilization and Mortality across Temperatures
Fertilization after 24 hours ranged from 43.3 to 50% without a clear trend in temperature
treatments; however, the number of fertilized larvae after 96 hours did change with respect to
temperature (Figure 3.1). After 96 hours, the 4°C treatment was the only one to show additional
fertilization, climbing from 43.3% to 50%, while the other temperatures all had a smaller
proportion of fertilized larvae after 96 hours. This reduction in proportion of live larvae was
more extreme in warmer temperatures, with the 16°C treatment dropping from 43.3%
fertilization after 24 hours to 5.3% fertilization after 96 hours.
Mortality after 24 hours ranged from 0% at 4°C to 100% in the 16°C control (Figure 3.2).
Within those two extremes, mortality ranged from 16.7% to 83.3%, without a clear association
with temperature. However, similar to the fertilization experiments, there was an effect of
temperature after 96 hours. After 96 hours, all control bottles had a 100% mortality rate, and the
total mortality rate of the treatment bottles increased with temperature. The 4°C treatment bottle
had 50% mortality after 96 hours, while the 16°C treatment bottle had 96.7% mortality.
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3.4.2 Summary of Early Development in L. pertusa
Development in L. pertusa proceeded through initial cell divisions to form a blastula with
a short-lived, small blastocoel that was filled with acellular material; the embryo became a
stereoblastula by 40 hpf (Figure 3.3). Gastrulation was detected by the presence of nuclei within
the interior of the larva and was presumed to occur primarily via invagination. After gastrulation,
two cell layers were distinct in the larvae, separated by a thin band of mesoglea. For the purpose
of this investigation, seven milestones were defined to facilitate comparison between
developmental rate in different temperatures: 4-cell stage, 16-cell stage, open blastocoel, filled
blastocoel, early gastrulation, late gastrulation, and layering (Figure 3.3).
3.4.3 Ambient Conditions: 8°C
At 24 hours post fertilization (hpf), the samples were assessed by eye to consist of 8-16
cells, and this was confirmed in semithin section (Figure 3.4). The 24 hpf sample was a 16-cell
morula, with some cells more elongated than others. By 30 hpf, a small blastocoel appeared, but
by 36 hpf it had been filled with fragments of cells. At this stage (36 hpf), all samples appeared
to be smooth and round upon collection, and in section, the interior, occupied by the acellular
material, was surrounded by an outer layer of cells with nuclei oriented toward the outside. At
the 48 hpf timepoint, nuclei appeared in the central region of the larva, surrounding a small
hollow space. The presence of two layers of cells, the outside cellular layer and the new interior
nuclei, was taken to indicate the start of gastrulation (Martin 1997).
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Figure 3.1. Fertilization success in L. pertusa across temperatures. Fertilization was measured
at 24hrs and 96hrs by recording the percentage of oocytes that had undergone at least one
cleavage. Increases between the 24hr and 96hr timepoints reflect fertilization occurring after
the initial assessment at 24hrs. Decreases in percentages of live larvae reflect attrition of
unfertilized oocytes and mortality of fertilized larvae between 24hrs and 96hrs. Control
treatments consisted of 30 oocytes with no sperm concentrate added, to confirm that the
oocytes had not been fertilized prior to the addition of sperm concentrate to the treatment
bottles.
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3.4.4 Cooler Conditions: 4°C
At 24 hpf, all samples appeared to be at the 2- or 4-cell stage when collected. The sample
sectioned from this timepoint had only reached the 2-cell stage (Figures 3.3, 3.4). The samples
from 30 hpf were variable, ranging from the 2- to 8-cell stages when collected. The embryo
sectioned from 30 hpf was at the 8-cell stage, with clearly visible nuclei. At 36 hpf, the samples
still ranged from the 4- to 8-cell stages, and the embryo sectioned was, again, at the 8 cell stage.
By 48 hpf, the embryos were variable, between the 4- and 16-cell stages when collected. The
sample sectioned had only 8 cells. At 72 hpf, the embryos collected appeared to be at different
stages from one end to the other, with one half appearing to include ~32 cells, but the other half
having only 2-4 cells. In section, the embryo from 72 hpf was a 32-cell morula. At 5 and 7 days
post fertilization (dpf), the embryos all had at least 64 cells, and the sectioned samples were
solid, resembling the filled blastula stage in the 8°C samples, with cells, cellular inclusions, or
fragments of cells in the center, surrounded by an outer layer of cells. No open blastocoel was
observed in any sectioned sample.
3.4.5 Warmer Conditions: 12°C
At 24 hpf, the sectioned embryo was already at the 32-cell stage, with the appearance of a
small open blastocoel forming (Figures 3.3, 3.4). At 30 hpf, all samples were observed to be
smooth and round, and in section the blastocoel had been filled with inclusions or fragments of
cells enclosed by an outer layer of cells, always with their nuclei oriented toward the outside. In
the 36 hpf samples, nuclei in the central region of the larva with a small open space between
them indicated that gastrulation had begun. In the 48 hpf samples, gastrulation had proceeded
further, as the internal nuclei were still visible but the open space was no longer present. At 5
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Figure 3.2. Larval and oocyte mortality across temperatures in L. pertusa. Larval temperature
treatments (top) and oocyte-only fertilization-control temperature treatments (bottom) were
checked for mortality at 24 and 96 hours after the start of the experiment. Mortality was assessed
by recording the percentage of larvae or oocytes that were still present and comparing that to the
original number of larvae or oocytes in each treatment.
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Figure 3.3. Early developmental milestones in L. pertusa and the effect of temperature on their
timing. Top: Progression through L. pertusa larval development using example sections
stained with Richardson’s stain and imaged at 200x to demonstrate developmental milestones.
Bottom: Graph of developmental milestones across time, showing larvae at increased
temperatures developed faster than those in cooler temperatures. Scale bars = 50 m.
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Figure 3.4. L. pertusa larval development across time and temperature. Sections of L. pertusa
larvae raised at 4°C, 8°C, 12°C, and 16°C stained with Richardson’s stain. Developmental
milestones are indicated by letters in bottom right corners. a = 2-cell stage, b = 4-cell stage, c =
8-cell stage, d = open blastocoel, e = closed blastocoel, f = early gastrulation, g = later
gastrulation, h = layering. Asterisks (*) indicate abnormal development with no identifiable
milestone. Scale bars = 50m.
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dpf, the larvae were noted as being smooth but not moving at the time of collection, and the
sectioned sample appeared to be late in gastrulation, as the interior of the larva appeared
somewhat organized (unlike the filled blastula stage), but two layers were not yet distinct. By 7
days post combining, cilia were visible, as were mucus cells around the perimeter of the larvae,
and distinct layers of ectoderm and endoderm separated by a band of mesoglea.
3.4.6 Warmest Conditions: 16°C
At 24 hpf, these embryos appeared to be at the 2-cell stage when observed live under the
light microscope; however, in section, it was clear that these embryos were well beyond, and in
fact may have already passed the 64 cell stage (Figures 3.3, 3.4). The larva was arranged into
two lobes, with a single layer of cells around the outside and nuclei toward the outer edge, and
cells, inclusions, and unidentified material in the center of each lobe. What was initially
identified as a cleavage furrow in the live embryo looked potentially like the indentation of
gastrulation by invagination. By 30 hpf, the furrow between the two lobes had expanded to form
a hollow cavity within the embryo, and the opening was no longer visible in any section; this was
recorded as a later stage of gastrulation.
3.5 Discussion
Early cnidarian larval development has been the focus of intense scientific investigation
largely due to the position of this group near the base of the metazoan tree and its potential utility
for understanding the origin of a triploblastic bauplan (Ball et al. 2004, Kraus and Markov 2017,
Technau 2020). However, another key reason for the number of studies is the variability within
the group in developmental mechanisms, especially with regard to blastula morphology and
gastrulation (Technau 2020). Representative anthozoans employ each of the known methods of

62

gastrulation (Metchnikoff 1886, Tardent 1978, Ball et al. 2002, Byrum and Martindale 2004,
Marlow and Martindale 2007). In this description of Lophelia pertusa larval development, where
no previous data exists, limits imposed by the methodology and small number of samples have
resulted in the opportunity for multiple interpretations of the observations presented here.
In 8°C conditions, similar to the natal environment of the L. pertusa used in this study,
embryos appeared to follow the timeline of development described by Larsson et al. (2014), with
the initial cleavage likely occurring at approximately 6 hours post fertilization, and proceeding
with divisions every 6-8 hours to become an apparently hollow blastula by 36 hours post
fertilization. However, in contrast to the observations of Larsson et al. (2014), the blastulas
examined in this study were not hollow, but were, in fact, stereoblastulas. A small blastocoel was
present in the 30hpf sample, but by 36hpf, it had been filled with material that appeared to be
dense with lipids and yolk, without obvious cellular divisions or visible nuclei. Twelve hours
later (48 hpf), nuclei had appeared in that interior region. Eventually, in samples from warmer
temperatures that developed faster, specialized cells were observed, and, ultimately, a classical
planula developed with two distinct cell layers separated by mesoglea.
The presence of a stereoblastula is not uncommon among Scleractinia (Hyman 1940) but
the contents of the interior of the blastula have been subject to different interpretations (Mergner
1971, Marlow and Martindale 2007). The presence of a true stereoblastula consisting of a solid
ball of cells has been associated with brooding corals (Hetzel and Babcock 2002, Goffredo et al.
2012), with the suggestion that in such cases this is due to physical space limitations within the
parent polyp. This has been observed in Favia fragum, Parerythropodium fulvum fulvum, Xenia
umbellate, Xenia macrospiculata, which fertilize internally and whose larvae develop from
stereoblastulas (Heltzel and Babcock 2002 and references contained therein). Development via a
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coeloblastula has been associated with broadcast spawning Scleractinia with external fertilization
as in Astrangia danae, Favia pallada, Goniastrea favulus, and Montipora digitata (Heltzel and
Babcock, 2002, and references contained therein). Another type of scleractinian development
includes a nutritive phase (Marlow and Martindale 2007), in which the blastula appears solid due
to the blastocoel being filled with nutrient-rich materials expelled from apoptotic cells. These
materials are absorbed by presumptive endodermal cells during gastrulation and are
characterized by the lack of any regular organization and by being anuclear (Marlow and
Martindale 2007). The nutritive phase is hypothesized to be a conserved trait of the cnidaria, as it
has been described in various taxa across the phylum (Mergner 1971, Magie et al. 2007).
Additionally, it has been proposed as the culprit for some confusion around the mode of
gastrulation in cnidarians, with the suggestion that authors have mistaken nutritive products and
cell fragments for evidence of ingression during gastrulation (Marlow and Martindale 2007). In
this study, cell boundaries were not always distinguishable and the magnifications used were
insufficient to define the type of inclusion that made up the interior of the blastula, but no nuclei
were observed in this region until later in development. The presence of a nutritive phase in L.
pertusa seems to be the best fit for these data; however, future studies using fluorescent labelling
or transmission electron microscopy would be useful to definitively describe the contents of the
blastulas.
If, indeed, L. pertusa larvae go through a nutritive phase, the presence of nuclei in their
interior space could indicate gastrulation. Gastrulation is thought to occur primarily through
invagination in Scleractinia (Technau 2020; Magie et al. 2007, Kraus and Technau 2006, Kraus
and Markov 2017) and, given the uncertain positioning of the sectioning plane in this study, it is
likely that invagination would appear as a group of nuclei in the central region of the larvae,
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rather than a perfectly bilaterally symmetrical slice showing the blastopore. The presence of
nuclei in the interior of the larvae, if indicative of gastrulation, would suggest that gastrulation
begins as early as 48 hpf in 8°C conditions. This is much sooner than the 4-6 days post
gastrulation described based on external morphology and larval behavior by Larsson et al.
(2014). However, in their description of L. pertusa larval development, Larsson et al. did
describe a shape change occurring in 2-day-old larvae that they remarked appeared similar to
gastrulation and hypothesized may have been due to the transition from a morula to a hollow
blastula. Given that these larvae are now known to be primarily solid, not hollow, and with the
match between the timing of the external shape change with the appearance of interior nuclei, we
suggest that 48 hours post fertilization is actually the onset of gastrulation in L. pertusa. This
timing also fits neatly with the description of cilia appearing 3 days post fertilization (Larsson et
al. 2014). Previously, it was thought that these cilia appeared 3-5 days before gastrulation
occurred, but with the revised timeline, the appearance of specialized structures would closely
follow or accompany gastrulation.
There is a third explanation for the morphology seen in sections of L. pertusa larvae: an
uncertain slicing plane, combined with unlucky sections and insufficient sampling during the
transition from blastula to gastrula could account for the morphology described here if L. pertusa
follows the “prawn chip” pattern of development as is common in complex corals (Ball et al.
2002, 2004; Okubo et al. 2013, 2016). In that case, the flattened blastula forms a bowl-like shape
and a pseudo-blastopore before re-forming as a spherical, hollow coeloblastula, then proceeding
through gastrulation (Ball et al. 2002). However, based on the number of samples examined, and
the highly recognizable morphology that denotes a prawn-chip phase, which was not seen in any
samples in this study, this is unlikely.
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The presence or absence of a blastocoel would be a consequential character to determine
with certainty, as it has been used as a character for phylogenetic groupings in the Scleractinia
(Okubo 2013). Currently, the family Caryophylliidae has been placed in the proposed suborder
Vacatina (Okubo 2016) based on the molecular relationship of L. pertusa to the Caryophyllia
genus and the embryonic character of a hollow blastula that they are supposed to share (Okubo
2013). However, this supposition is based on the Larsson et al. 2014 description of a hollow
blastula that has been challenged by the data presented here, and which contrasts the embryology
of Caryophyllia inornata, which has no blastocoel (Goffredo et al. 2012), an absence that was
explained by its brooding reproductive mode (Heltzel and Babcock 2002). Characteristics of
embryology such as the presence of a blastocoel and the mechanism of gastrulation may also be
useful for constructing coral phylogenies (Okubo 2013, Okubo et al. 2016, Kraus and Markov
2017).
Putting aside the challenges of precisely describing development in L. pertusa larvae, our
study did reveal an apparent relationship between developmental rate and temperature.
Considering characters such as the number of cells present at 24 hpf, the time point at which
nuclei are arranged regularly around the outside perimeter of the larva, the presence of a small
blastocoel or open area in the central area of the larva, the appearance of specialized cells, and
the relative size of cell nuclei, each milestone was reached more quickly in warmer temperatures
and more slowly in cooler temperatures. In prior work to describe larval longevity in L. pertusa,
an increase from 8°C to 12°C caused larvae to develop twice as quickly, and the results
presented here agree with that trend. In this investigation, larvae raised at 12°C were at least 12
hours ahead of larvae raised at 8°C, and had developed into full planula in 9 days, as compared
to two weeks at 8°C (Larsson et al. 2014). Larvae raised at the highest temperature tested in this
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study, 16°C, had much higher mortality rates than in the other temperatures, and developed in 30
hours to what appeared comparable to a 7-day-old larva raised at 12°C. Thus, developmental rate
increased dramatically in warmer temperatures, with larvae raised in 16°C conditions developing
nearly 4 times as quickly as those raised at the same temperature as their source environment,
8°C. Comparing larvae raised at 8°C with those raised at 4°C, the larvae raised in cooler
conditions took a full 7 days to reach a comparable stage to what larvae raised in warmer
conditions achieved in 36 hours. Larval mortality also trended with temperature, with the most
mortality observed in the 16°C treatment and the least in the 4°C treatment.
The relationship of larval development and survival to thermal stress has been the focus
of extensive study in numerous taxa, including a variety of cnidarians, echinoids, mollusks, and
crustaceans (reviewed in Byrne and Przeslawski 2013, selected studies summarized in Table
1.1). Generally, the hypothesis that temperature increases result in faster development
(Figueiredo et al. 2014, Irvine 2020, Marshall et al. 2020) has held true, but these studies have
also revealed some finer points about the effect of temperature on development in marine
invertebrates. There is a consensus that, across taxa, the most vulnerable life-history stage to
temperature stress is the embryo, just before and during gastrulation (reviewed in Irvine 2020).
Earlier larval developmental and later larval stages are less affected, but gastrulation has been
shown to be completely disrupted by thermal stress, resulting in developmental abnormalities
and larval mortality (reviewed in Irvine 2020; in cnidarians: Randall & Szmant 2009, Kipson et
al. 2012, Liberman et al. 2020; echinoderms: Nguyen et al. 2012, Lamare et al. 2014, but see
Gall et al. 2021; ascidians: Pineda et al. 2012). The connection between increased temperature,
increased developmental rate, and increased instance of abnormal development, and larval
mortality is a common theme among many such studies (selected studies summarized in Table
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1.1). While these patterns are borne out in most investigations, the body of work so far has also
demonstrated that larval responses to increased temperatures vary depending on species
(cnidarians: Negri et al. 2007, Woolsey et al. 2013, Keshavmurtley et al. 2014, Baria et al. 2015;
mollusks: Daris et al. 2013), source conditions or latitude (cnidarians: Keshavmurtley et al.
2014; echinoderms: García et al. 2018), and may even be influenced by parental experience
during gametogenesis (Nematostella vectensis, Rivera et al. 2021).
The results presented here, that developmental rate was tightly coupled to temperature are
consistent with similar experiments on other cnidarians, including 15 scleractinians (see Table
1.1), the two octocorals Paramauricea clavata (Kipson et al. 2012) and Rhytisma fulvum
(Liberman et al. 2020), the actinarian Nematostella vectensis (Rivera et al. 2021), and the
scyphozoan Aurelia coerulea (Dong & Sun 2018). The increased mortality reported here in L.
pertusa does correlate with results from experiments on other cnidarian, mollusk, echinoderm,
and crustacean larvae (reviewed in Byrne & Przeslewski 2013), but may also, in this study, have
been due to changes in oxygen saturation over the course of the experiment. In bottles closed to
the environment, elevated respiration rates in warmer temperatures might have exhausted the
available oxygen more quickly, leading to increased larval mortality in warmer conditions.
Future work to investigate the impact of temperature on larval development in L. pertusa would
be improved by including measurements of oxygen availability and respiration rates across
temperature during the course of the experiment. The effect of temperature seen in L. pertusa on
later embryological stages follows the description of thermal mortality on P. damicornis (Cumbo
et al. 2013) and R. fulvum (Liberman et al. 2020). This work is among the first reports of
temperature effects on larvae of a cold-water coral species, with the majority of work to date
either utilizing adult corals (Figueiredo et al. 2014) or relying on larvae from tropical or
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subtropical corals (but see Keshavmurtley et al. 2014, which included temperate populations of
A. hyacinthus), and represents an important step toward understanding how organisms in some of
the most rapidly changing regions of the world might contend with climate change.
The relationship between larval developmental rate and temperature is particularly
important to understand because L. pertusa has such a broad distribution. Outside the laboratory,
L. pertusa can be found in water ranging from 4°C to 15°C (Roberts et al. 2009), so the results
reported here are relevant to natural populations. In addition to the costs in terms of larval
mortality, changes in fitness and competency could have a considerable effect on dispersal and
the interconnectivity of L. pertusa populations (Morrison et al. 2017, Strömberg and Larsson
2017). Larval dispersal dynamics are well understood to be reliant on temperature, among other
physical factors (Alvarez-Romero et al. 2017, Marshall & Álvarez-Noriega 2020). Changes to
larval duration and developmental rates due to changes in ocean temperature will likely shape
patterns of larval dispersal by shortening the length of the pre-competency period and pelagic
larval duration and could affect population connectivity (Alvarez-Noriego et al. 2000, Figueiredo
et al. 2014, Alvarez-Romero et al. 2017, Marshall & Alvarez-Noriego 2020). Work in the last
decade has focused on using larval biology and climate projections to predict that future larvae
will likely have a shorter pre-competency period and larval duration due to higher temperatures,
which will result in their settling closer to their parents (Figueiredo et al. 2014, Treml et al.
2014). It is not known how increased temperature might affect the length of the pre-competency
period in L. pertusa, but prior work by Larsson & Strömberg (2017) suggested the precompetency period in larvae raised at 12°C could be 30-60% shorter compared to larvae raised at
the ambient 8°C. A recent report described basin-wide larval dispersal models, in which vertical
migrations by simulated larvae shortened their dispersal distances by an order-of-magnitude
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(Gary et al. 2020). This model was largely based on observations of L. pertusa larval
development, behavior, and longevity by Larsson et al. (2014) and Strömberg and Larsson
(2017) that this current study builds on.
Further work has explored the ways in which changes in temperature might be
consequential for developing effective conservation measures (Alvarez-Romero 2017, Wilson et
al. 2020). Population connectivity is a key consideration for managing a species such as L.
pertusa, a keystone species across productive ocean basins. As a result, accurate models of L.
pertusa larval dispersal could inform conservation measures for L. pertusa itself as well as the
thousands of species it supports (Hilário et al. 2015, Strömberg and Larsson 2017). In order to
construct such models that are accurate for present day distributions and have predictive utility
for future conditions, it will be necessary to understand the linkages between temperature and
fertilization, embryogenesis, developmental rate and duration, larval longevity and mortality,
vertical migration, settlement behavior, and biogeography. The results presented here build on
prior work to describe larval development and behavior and indicate that successful L. pertusa
early larval development and survival to a planula stage are affected by temperature. In the
context of the geographic range of L. pertusa, these results indicate that larval development and
duration may vary greatly among natural L. pertusa populations, and that this is likely to
influence the genetic structure and population dynamics on local and regional scales, potentially
even with basin-wide effects.
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CHAPTER 4
ANTARCTIC DEEP-SEA CORAL LARVAE ARE RESILIENT TO END-CENTURY
OCEAN WARMING
4.1 Chapter Introduction
The Western Antarctic Peninsula is one of the fastest warming regions in the world and
hosts extremely high levels of marine biodiversity (Clarke & Johnston 2003, De Broyer et al.
2014, Peck et al. 2018, Henley et al. 2019). While the Western Antarctic Peninsula is stable in
terms of annual thermal variability, light availability is highly seasonal, driving changes in
phytoplankton abundance throughout the year (Convey & Peck 2019). The Circumpolar Deep
Water brings heat, minerals, and nutrients from the deep ocean onto the continental shelf,
resulting in a mosaic of biodiversity hotspots where conditions are suitable (Peck et al. 2018,
Henley et al. 2019, Convey & Peck 2019). Species counts from these waters rival tropical coral
reefs, with 8000 described invertebrate species (De Broyer et al. 2014) and estimates of true
species counts closer to 17-20,000 species (Gutt et al. 2004). Many species in this region are
slow-growing, long-lived, and adopt protected developmental strategies, producing a small
number of larger offspring each year (Peck et al. 2018), thus, the prospect of a warming
Antarctic peninsula is concerning. The threat of ocean warming to Antarctic fauna has spurred
numerous investigations of the tolerance of Antarctic species to thermal stress (reviewed in
Convey & Peck 2019).
One such species is Flabellum impensum, a solitary cup coral endemic to Antarctic
waters, with a circumpolar distribution at depths from 46 to 2200m, found commonly at depths
from 100 to 1000m (Cairns 1990). It is the largest of the solitary scleractinians, capable of
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reaching 8cm in height by growing 1mm per year (Henry & Torres 2013). Like many fauna
endemic to Antarctic waters, F. impensum is long-lived and thought to be a stenothermal
organism, closely adapted to a thermally stable environment (Henry & Torres 2013, Peck et al.
2014). F. impensum is gonochoric and broods several stages of crawling planulae in its tissues
year-round (Waller 2008). The concern for species such as F. impensum is that with its slow
growth, long generation times, and local dispersal, it has a limited capacity for genetic
adaptation, and so may be strongly affected by climate change such as ocean warming (Peck et
al. 2018, Convey & Peck 2019).
Studies to identify the impact of ocean warming or of other changes have frequently
focused on adults, especially in deep-sea species for which the timing of larval release is not
known (Figueiredo et al. 2014). However, F. impensum’s brooding, year-round reproductive
strategy provides an opportunity to examine larval stages, which are often more vulnerable to
environmental stress than adults (Byrne 2012, Pandori & Sorte 2018). In addition to being more
impacted by changes in environmental conditions, healthy larvae are critical to species survival.
In this study, brooded larvae were collected from F. impensum and raised in a series of
temperatures consistent with predictions for 2100. These larvae were examined for
morphological defects and signs of stress to determine how F. impensum larvae might fare in
end-century temperature conditions. This is one of the first works to investigate the response of
deep-sea coral larvae to climate change and adds to our understanding of how thermal stress will
impact these foundational organisms. This work is currently under final author checks for
submitting to Nature Scientific Reports.
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4.2 Abstract
The Western Antarctic Peninsula is home to a diverse assemblage of deep-sea species and
is warming faster than any other region in the Southern Hemisphere. This study investigated how
larval development of the Antarctic cold-water coral Flabellum impensum was affected by
temperatures consistent with ocean warming trends predicted for the 21st century. F. impensum
larvae were cultured under four temperature conditions, and settlement, mortality, larval size,
development, deformity, and cellular health were compared over the course of 44 days. While
temperature did not impact settlement, mortality, or larval stress, the warmer treatments did have
a significant impact on developmental rate. Samples exposed to warmer conditions developed
faster than those in cooler conditions. Since this was not accompanied by increased stress
indicators such as deformity, mortality, or programmed cell death, it suggests that the larval
health was not negatively impacted by this developmental rate change and may indicate that F.
impensum larvae are capable of adapting to these warming temperatures. These results suggest
that larval development of F. impensum may be largely resilient to ocean warming trends
predicted for the 21st century.
4.3 Background
Warming of the Earth’s oceans is occurring at an unprecedented rate and scale due to
anthropogenic emissions of carbon dioxide and other greenhouse gases (IPCC 2013). While
temperatures are predicted to increase across the global ocean during the 21 st century, the most
profound warming is expected to occur within Earth’s polar regions (Yin et al. 2011, IPCC 2013,
Henley et al. 2019). The Western Antarctic Peninsula (WAP), in particular, has seen the
strongest warming in the Southern Hemisphere (King et al. 2003, Vaughan et al. 2003,
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Mulvaney et al. 2012, Marín-Moreno et al. 2015, Henley et al. 2019). The waters off the
Antarctic peninsula are expected to warm by 0.5-0.6°C by 2100 under the AIB scenario that
includes some reductions in greenhouse gas emissions, but in scenarios without any reduction in
emissions, the Southern Ocean could warm by as much as 1.9°C in that timeframe (Yin et al.
2011, IPCC 2013). This temperature change is likely to be felt strongly in the WAP continental
shelf waters and those of the Circumpolar Deep Water (Meredith and King 2005, Martinson et
al. 2008, Schmidtko et al. 2014, Spence et al. 2017, Henley et al. 2019).
The predicted increases in Antarctic ocean temperatures may have broad impacts on
resident fauna, particularly sessile ectotherms. Generally speaking, many Antarctic species
experience little thermal variation throughout their life histories and are largely unable to
acclimate their physiology to elevated temperatures (reviewed by Peck et al. 2014); thus, small
changes in environmental temperature may have negative impacts on Antarctic organismal
function and ecology. Most Antarctic ectotherms survive in narrow temperature windows
ranging from -1.8°C, the freezing point of seawater, to 4°-10°C (Peck and Conway 2000).
Examples of Antarctic ectotherms include amphipods such as Orchomonella plebs, fishes such
as Pachycara brachycephalum (Pannenheim) (van Dijk et al. 1999), and sessile fauna such as
bivalves (Pörtner et al. 1999) and deep-sea corals (Cairns 1990). Deep-sea corals in Antarctic
waters are long-lived and slow growing, and, like other Antarctic organisms, are thought to have
limited physiological flexibility to compensate for thermal stress (Peck 2005, 2016, 2018). In a
recent analysis of habitat preference and distribution of Antarctic scleractinian species,
temperature was strongly predictive of coral presence (Chaabani et al. 2019).
A notable deep-sea coral endemic to the Southern Ocean is the solitary scleractinian
Flabellum impensum, which exhibits a circumpolar distribution at depths from 40 to 2200 m
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(Cairns 1982, 1990). F. impensum is the largest species of the solitary azooxanthellate corals,
capable of growing to heights of 8 cm over a lifespan of up to 80 years (Cairns 1990). Like other
members of the genus, F. impensum is free living in its adult stage and is capable of limited
movement (Buhl-Mortensen et al. 2007, Henry and Torres 2013). F. impensum consumes a lipidrich diet of detritus and plankton (Henry 2013, Henry and Torres 2013), and is gonochoric,
brooding multiple stages of lecithotrophic larvae year round (Waller et al. 2008). Upon release,
these larvae crawl, rather than drift, to a suitable attachment substrate using their short cilia for
locomotion and settling within 7 days (Waller et al. 2008, Waller pers comm.).
In this study, we tested the tolerance of F. impensum larvae to increases in seawater
temperature predicted for the 21st century in a series of laboratory-based experiments. Guided by
results from preliminary unpublished data, we tested the hypothesis that F. impensum larvae
would not be sensitive to increases of up to 4°C under experimental conditions for 44 days.
Combining a suite of techniques including morphological and cellular-scale analyses with a
robust sample size of over 800 individual larvae, this study reports on the responses of larval
stage F. impensum to experimental increased temperature and provides insights to how polar
species may cope with projected global ocean change in the current century and beyond.
4.4 Results
In four conditions - one control and three elevated temperatures (Table 4.1) - larval
growth, development, settlement, and mortality were monitored. Additionally, deformities,
mucus production, and cellular health were recorded and used as indicators of larval stress. In all
four conditions, water temperature closely tracked the target values over the course of the
experiment (Table 4.1).
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Table 4.1. Environmental conditions for all treatments, reported as mean value ± standard
deviation.
Temperature Salinity
(°C)
(ppt)
(A)

-0.398

35.870

Control

± 0.742

± 0.742

(B)

0.895

35.598

+0.5°C

± 0.481

± 0.757

(C)

1.997

36.345

+1.5°C

± 0.444

± 0.648

(D)

3.487

36.425

+4°C

± 0.274

± 0.502

pH
(NBS)

NH3
(ppm)

7.977

0.106

NO3
NO2
(ppm) (ppm)
0

0

± 0.035 ± 0.226
7.867

0.136

0

0

± 0.032 ± 0.307
7.963

0.182

0

0

± 0.027 ± 0.320
7.993

0.167

± 0.344 ± 0.310

0

0

PO4
(ppm)

% O2

0.194

99.562

± 0.106

± 2.261

0.194

105.667

± 0.106

± 6.122

0.194

99.259

± 0.106

± 3.181

0.194

98.231

± 0.106

± 2.542

Larval size, measured by maximum diameter and larval area, remained largely static,
showing little growth over the 44-day experiment. Maximum diameter and larval area were
linearly related and did not differ significantly among temperature conditions over time (Figure
4.1). A developmental scoring index (Appendix Figure B.1, B.2, B.3) was used to characterize
larval development, which was then analyzed using an ordinal logistic regression to evaluate the
impact of treatment level and time on the appearance of morphological developmental
milestones. The regression identified both temperature condition and time as having significant
impacts on larval development during the experiment. Temperature condition was a significant
predictor of developmental score (see Table 4.2 for regression details), with warmer temperature
conditions correlating with a higher developmental score. Time was also a significant predictor
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of developmental score (Table 4.2), but its effect was consistent across temperature conditions,
suggesting that the impact of time on developmental score was likely an experimental artifact.
According to the regression output, each developmental score was distinct, with a statistically
significant intercept between each score. The percentage of settled larvae across the entire
experiment was 11.1% and did not differ significantly among temperature conditions.
Additionally, no significant mortality occurred during the experiment.
Larval stress was assessed by measuring larval deformity and cellular health. Larval
deformity was quantified with a scoring index that considered mucus production (a sign of stress
in cnidarians) and deformities to mouths and tentacle buds in F. impensum larvae (Appendix
Figures B.4). Cellular health was analyzed using Transmission Electron Microscopy (TEM) and
flow cytometry to identify the proportion of healthy (as opposed to necrotic or apoptotic) cells.
An ordinal logistic regression was used to analyze the impact of temperature condition and time
on the larval deformity score. This regression did not identify temperature condition as a
significant predictor of larval deformity. Time however, did have a significant impact on larval
deformity score. This impact was consistent across temperatures, including the control
temperature condition, suggesting it was an artifact of the experiment itself (See Table 4.3 for
regression output). The proportion of healthy cells identified by TEM ranged from 68 to 100%
across all samples (Figure 4.2, Figure 4.3), but a two-way ANOVA identified no significant
trends in the frequency of healthy cells in association with temperature condition or time (Table
4.4). The proportion of healthy cells identified by flow cytometry across all samples ranged from
61.6 to 96.9%, and a two-way ANOVA identified temperature conditions as having a significant
effect on the frequency of healthy cells (Table 4.5, Figure 4.4). However, this significant effect
on cellular health separated the samples into two groups, one which included the control and
77

Figure 4.1. Larval size in F. impensum. Size remained largely static over time. Top: Larval
area did not differ significantly across treatments (2-way ANOVA: F = 0.75, p = 0.52).
Bottom: Larval max diameter did not differ significantly across treatments (ANOVA: F =
1.34, p = 0.26).
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Table 4.2. Ordinal logistic regression table for developmental score based on treatment and
time. (*) indicates significance (p-value <0.05).
value

std. error

t value

p value

TMT.L

1.23480533

0.59924392

2.0606055

3.93E-02 *

TMT.Q

-1.3877147

0.52918058

-2.622384

8.73E-03 *

TMT.C

0.55239746

0.37187682

1.4854313

1.37E-01

TMT^4

-0.2248052

0.26591369

-0.8454068

3.98E-01

TIME

-0.0218016

0.00984197

-2.2151658

2.67E-02 *

0|1

-4.5128202

0.61581187

-7.3282449

2.33E-13 *

1|2

-2.7547121

0.3363481

-8.1900629

2.61E-16 *

2|3

-0.8223983

0.26385405

-3.1168682

1.83E-03 *

3|4

2.19704676

0.29735648

7.3885955

1.48E-13 *

Table 4.3. Ordinal logistic regression table for larval deformity score based on treatment and
time. (*) indicates significance (p-value <0.05).
value

std. error

t value

p value

TMT.L

-0.5369033

0.59165593

-0.9074586

0.364

TMT.Q

0.8854093

0.52329244

1.6919971

0.091

TMT.C

-0.548747

0.38730067

-1.4168501

0.157

TMT^4

0.27834559

0.29310841

0.9496336

0.342

TIME

-0.0234941

0.01127002

-2.0846578

0.037 *

0|1

0.10023385

0.25830423

0.3880457

0.698

1|2

3.14821141

0.4515061

6.9726886

0*
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Table 4.4. Results of the two-way ANOVA of TEM cellular health assay
Sum Sq

Df

F Value

Pr(>F)

(Intercept)

39374

1

508.0508

<2e-16

Treatment

231

3

0.9825

0.4109

Time

0

1

0.0004

0.984

Treatment: Time

331

3

1.4083

0.2549

Residuals

3055

39

Table 4.5. Results of the two-way ANOVA of Flow Cytometry health assay. (*) indicates
significance (p-value <0.05).
Sum Sq

Df

F Value

Pr(<F)

(Intercept)

176618

1

4497.9394

<2e-16

Treatment

346

3

2.9353

0.03397 *

Time

6

1

0.1579

0.69147

Treatment: Time

18

3

0.1541

0.92699

Residuals

9895

252
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Figure 4.2. Healthy and unhealthy F. impensum cells. A) Healthy cells showing nuclei with
patches of condensed chromatin and no structural abnormalities. B) Cells undergoing
apoptosis with pycnotic chromatin condensation in their nuclei (arrowheads indicate nuclei in
later stages of apoptosis). Scale bars = 2μm.
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Figure 4.3. Proportion of unhealthy cells over time as identified using TEM. Neither Time nor
Treatment had a significant effect on the proportion of unhealthy cells (See Table 4.5 for full
ANOVA results).
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Figure 4.4. Boxplot showing the proportion of healthy cells across the four treatments as
identified by flow cytometry. The four treatments (total n = 257 larvae) cluster into two groups
that are significantly different from one another: the control and +4°C treatment (a) are
significantly different from the +1.5°C and +2.5°C treatments (b).
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highest temperature conditions, and one which included the two intermediate temperature
conditions. Therefore, despite the significance of temperature as a predictor of cellular health
according to this analysis, temperature and the proportion of healthy cells were not linearly
related. Additionally, the analysis identified time as having a non-significant effect on the
proportion of healthy cells. Taken together, these results show an increase in some metrics of F.
impensum larval development with temperature, but no indication of a commensurate increase in
larval stress over the course of this experiment.
4.5 Discussion
Larval growth, settlement rate, and mortality were unaffected by temperature in
Flabellum impensum larvae subjected to end-century warming conditions. However, larvae
exposed to warmer temperatures developed significantly faster than those raised at cooler
temperatures. Despite the increase in developmental rate at higher temperatures, indicators of
larval stress such as morphological deformities, mucus production, and programmed cell death
were consistent across temperature conditions. Thus, the change in developmental rate did not
appear to have adverse effects on the warmed F. impensum larvae. This response to warmer
temperatures may indicate that early larval development in F. impensum is resilient to ocean
warming trends predicted for the 21 st century.
During this study, the growth rate of F. impensum, measured as larval area, did not appear
to change in response to increased temperature. This consistent growth across temperature in F.
impensum might be due to its extremely slow growth rate (approximately 1.11mm/year; Henry
and Torres, 2013), and thus the 44 days that the F. impensum larvae were observed and sampled
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may not have been sufficient time to observe changes between temperatures. It is possible that
differences in growth rates among temperature treatments would have emerged if the
experimental duration was longer, or if the temperatures tested were more extreme.
The results of the development scoring assay suggest that, despite consistent growth and
size across temperatures, the expected warming trends on the WAP for the end of the 21st
century may contribute to faster morphological development in F. impensum larvae. Larvae
exposed to warmer temperatures were more likely to develop crucial aspects such as tentacle
buds and mouths over the course of the experiment than those in cooler temperatures. This
acceleration in warmer treatments was not accompanied by indicators of larval stress such as
deformity, mucus production, or an increased frequency of programmed cell death. This pattern
is consistent with observations of other Antarctic invertebrate larvae such as those of Sterechinus
neumayeri, Odontaster validus, and O. meridionalis, in which developmental rate increased with
temperature until a threshold was reached, after which it was stable (Stanwell-Smith & Peck,
1998). Further, in the experiments involving S. neumayeri and O. validus, mortality did not
increase until after reaching a thermal threshold. These two results overlap, creating a thermal
window when developmental rate is high and mortality is low. However, the presence of a
threshold of mortality is not common to all Antarctic marine invertebrates, as O. meridionalis
instead showed 10-15% mortality across the range of temperatures tested (Stanwell-Smith &
Peck, 1998).
Larvae are considered to be the most vulnerable life stage to environmental stress
(Przeslewski et al. 2015, Kerelitz et al. 2017, Peck 2018) but so far, few investigations of
thermal tolerance in Antarctic invertebrate larvae have occured. While these few have
highlighted similar trends in the impact of temperature on development, they have also revealed
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variability between species that warrants further exploration. One consideration, especially as
larval thermal tolerances are compared to adult temperature limits is how the relative rates of
warming might be different for larvae and adults (Peck 2018). Larvae are undergoing much more
rapid cell divisions, thus, the most comparable metric for adult thermal tolerance may be their
long-term limit of slow warming, in order to give adequate time for equivalent cell divisions in
adults as occurs in a shorter period in larvae. In at least some Antarctic species, the thermal
tolerances of larvae do seem to approach or match the adult thermal limit when measured in this
way (Peck 2018). This correspondence between larval and adult long-term thermal limits
suggests a cell-level process wherein the negative effects of thermal stress accumulate at a rate
commensurate with the rate of metabolic processes or cell divisions (Peck 2018). In this study,
however, no significant negative impacts of warming were observed at the cellular level using
TEM or flow cytometry. This might indicate a plastic response to warmer conditions in the range
tested here without apparent negative consequences for the larvae over the duration of this
experiment. Work with other life stages of Antarctic invertebrates has demonstrated greater
resilience by juveniles than adults to environmental disturbances such as warming (Latimula
elliptica, S. neumayeri, O. validus, Heterodocucumis steini; Peck 2013). In L. elliptica, juveniles
were also more resilient to sedimentation, injury (Philipp et al. 2011), immune stress caused by
physical damage or starvation (Husmann et al. 2011), and hypoxia (Clark et al. 2013). These
results support the disposable-soma theory of aging (Abele et al. 2009), that in long-lived species
that reproduce many times (as describes a large proportion of Antarctic species), over time,
resources are increasingly diverted away from somatic maintenance to reproduction with age,
diminishing older organisms’ capability to respond to environmental stress.
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This is the first study to use a developmental scoring system to evaluate qualitative
changes during coral larval development. While this type of analysis has been used in studies of
development in other invertebrates such as crustaceans and insects (Tayamen and Brown, 1999;
Riddiford, 1972), descriptions of coral development have instead utilized settlement and
mortality rates (Bassim and Sammarco, 2003; Foster et al., 2015), or embryonic staging (Negri et
al., 2007; Randall and Szmant, 2009). Combining larval settlement and mortality rates with a
scoring index as in this study allows for a finer understanding of experimental impacts on larval
development. Importantly, this method addresses the gap between embryogenesis and settlement,
specifically looking at the period during which larvae will disperse to seek settlement substrates,
to assess the impact of environmental variables on a process critical for the success of the
species.
Deformities were consistent across all temperature treatments, which may suggest that,
even in ambient conditions, F. impensum employs a more r-selected strategy. F. impensum
produces approximately 1270 oocytes per polyp (Waller et al., 2008), which would lend itself to
a strategy favoring higher fecundity with lower long-term survivability (Pianka, 1970). In spite
of these consistent deformities, mortality was not significant across treatments, indicating that
deformities may not be detrimental until a later life stage. While deformities to tentacle buds and
mouths could eventually prove fatal if they inhibit adequate feeding, the larvae of F. impensum
are lecithotrophic, and therefore did not rely on the proper development of prey capture
modalities to satisfy nutritional requirements during this experiment.
Settlement rate was similar across all temperature treatments, indicating that F. impensum
larval settlement was resilient to changes in temperature. This may relate to the dispersal strategy
of F. impensum, which releases fully-formed larvae after a brooding period. Because brooded
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larvae enter the environment at a later point in development than those of mass-spawning corals,
they spend a considerably shorter amount of time exposed to potentially stressful environmental
conditions. Nishikawa et al. (2003) found that the broadcast-spawning species, Acropora tenuis,
had a pre-competency period of up to 4 days while its brooding counterpart, Stylophora
pistillata, had a pre-competency period of only several hours. A shorter pre-competency period
reduces the time in which environmental factors may prevent settlement success, perhaps making
F. impensum, and potentially other brooding organisms, more resistant to the effects of increased
temperature on settlement.
Some studies observing long-term (days to weeks) exposure of coral larvae to increased
temperatures have seen increased settlement in response to slight increases in temperature (12˚C; Nozawa and Harrison, 2002) and decreased settlement in response to greater increases in
temperature of 3˚C and upward (Bassim and Sammarco, 2003). However, most efforts to
describe larval response to warming found either reduced settlement rates (Bassim & Sammarco
2002) or no impact on settlement rates, but decreased survivorship of larvae (Schnitzler et al.
2011, Cumbo et al. 2013, Baria et al. 2015, Liberman et al. 2020). Some species have been
shown to be more resilient to warmer temperatures than others (Negri et al. 2007, Woolsey et al.
2013, Baria et al. 2015, Sun et al. 2020). After observing no change in settlement rates in
Acropora spicifera larvae under a +3˚C treatment, Foster et al. (2015) hypothesized that A.
spicifera might have a higher temperature threshold than previously believed. As the upper
temperature threshold of F. impensum has not been previously studied and the settlement and
mortality results presented here suggest F. impensum larvae are largely resilient to warming, it is
possible that F. impensum has a higher temperature tolerance than we tested.
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While increased temperature did not appear to significantly affect settlement rate,
mortality, rate of growth, or the occurrence of developmental deformities in F. impensum, it
remains to be seen how thermal stress coupled with other environmental stressors might affect
larval survivability, settlement, growth, and development. For example, increased temperature
has been observed to exacerbate the negative effects of ocean acidification and pollution on adult
corals (Gori et al. 2014, Weinnig et al. 2020). The stress of ocean warming and ocean
acidification is energetically costly to many organisms, particularly larval stages, and the
combined impacts of both have been observed to increase mortality and reduce growth and
calcification (Reynaud et al., 2003; Rodolfo-Metalpa et al., 2008; Anlauf et al., 2010, Byrne
2012, Kroeker et al. 2013, Kapsenberg and Hofmann 2014, Przeslawski et al. 2015, Chan et al.
2018, van der Lee et al. 2020). Future studies might investigate the combined effects of predicted
ocean warming and acidification trends on the larval development of F. impensum, test more
extreme warming treatments, and/or maintain the experiments for longer durations to see how
the consequences manifest in older individuals.
4.6 Methods
4.6.1 Field Work and Collection Site Description
All field and experimental work for this project was conducted between October and
December, 2015, and included two components: 1) coral collections onboard the R/V Laurence
M. Gould (LMG-15-09, 21-30 October) and 2) experiments at Palmer Station, Antarctica (31
October – 24 December). The primary field location for this study was “Station AA”, a site
known for hosting an abundance of Flabellum impensum individuals (Waller, pers obs). Station
AA (63 04.78S, 61 30.94W) is a soft-substrate habitat at a mean depth of ~600 m. In addition to
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F. impensum, other benthic fauna found at Station AA include the octocoral Anthomastus
bathyproctus, anemones, pycnogonids, isopods, the Antarctic shrimp Notocrangon antarcticus,
and several species of ophiuroids including Ophionotus victoriae (Clark 2010).
During the cruise portion of the project (21-31 October 2015), eight hydrographic
surveys were conducted at Station AA by CTD rosette to characterize the water column and to
constrain environmental conditions in order to parameterize the experimental portion of the
project. In addition to collecting hydrographic data, the CTD rosette was used to collect water
samples for the experimental portion of the project. Subsamples from the CTD rosette samples
were collected to characterize the carbonate chemistry of station AA. Samples for carbonate
chemistry measurements were collected in ground-glass 500 mL Pyrex bottles, preserved with
saturated mercuric chloride solution, sealed with Apiezon grease, and stored in a cool dark
location.
4.6.2 Collection and Husbandry of Corals
During LMG-15-09, adult F.impensum individuals were collected at Station AA by otter
trawl on 28 October 2015. Trawling was conducted for a total of 30 minutes at 585 m water
depth with a ship speed of 2 knots. Upon recovery of the trawl, 150 F. impensum individuals and
2 F. curvatum individuals were collected. Additional fauna collected in the trawl included sea
cucumbers, skates, octopus, large sea stars, pencil urchins, irregular urchins, isopods, brittle
stars, crinoids, and worms. All animals incidentally collected were returned immediately to the
sea. The adult corals were immediately rinsed in cold flowing seawater to remove mud and
debris and transferred to 5-gallon plastic buckets with plastic fencing to maintain separation and
prevent aggressive interactions. Buckets containing corals were transferred to an onboard cold
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van maintained at -0.5°C and were continuously aerated with airstones until arrival at Palmer
Station on 30 October 2015.
4.6.3 Extraction and Culturing of F. impensum Larvae
Immediately upon arrival at Palmer Station, adult corals and >528 gallons of bottom
seawater (contained in 50 gallon Nalgene carboys) were hand-carried from the shipboard cold
van to a temperature-controlled room inside the biological laboratory. After approximately 8
hours on station, larvae were dissected out from the mesenteries of adult females and transferred
to individual 32-mL glass vials containing bottom seawater and capped with lids of Nytex mesh.
Larvae were subsequently scored for the presence of tentacle buds prior to exposure to
experimental conditions; any larva not exhibiting presence of tentacle buds were excluded from
use in the experiments. All larvae, 832 in total, were haphazardly assigned to one of the four
treatment conditions described below.
4.6.4 Experimental Set-up and Sampling Scheme
Experimental conditions used in this study represented end-of-century projections of
temperature increase for the Western Antarctic Peninsula based on IPCC emissions scenarios. At
Palmer Station, recirculating aquaria were constructed and held in temperature-controlled
environmental rooms or laboratory incubators. The four conditions used in this study represent a
control condition (treatment A, -0.5°C, the ambient temperature at Station AA at the time of
collection), an increase of 2°C above the ambient temperature (treatment B, +1.5°C), an increase
of 3°C above ambient temperature (treatment C, +2.5°C), and an increase of 4°C above ambient
temperature (treatment D, +3.5°C). For each temperature condition, three independent and
replicated recirculating aquaria were used and each was equipped with a hang-on aquarium filter
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(AquaPro 30) to perform biological, chemical, and mechanical filtration layers. All experimental
aquaria were filled with seawater collected from Station AA and 10% water changes were
conducted every other day for the duration of the experiment.
The experiment was initiated on November 1, 2015 and continued until the morning of
December 15, 2015 for a total length of 44 days. Larvae were sampled at discrete time points
throughout the experiment. The number of larvae sampled from each treatment at each timepoint
was linked to the analytical methods of the study as follows: 9 larvae were sampled at each time
point from each treatment for flow cytometry analyses, 9 larvae were sampled at each time point
from each treatment for scanning electron microscopy analyses, and 3 larvae were sampled at
each time point from each treatment for transmission electron microscopy analyses.
4.6.5 Sample Processing for Flow Cytometry Analysis
Individual larvae were processed for flow cytometric analyses by the Center for Aquatic
Cytometry at Bigelow Laboratory in East Boothbay, Maine. At each time point 9 larvae were
collected from individual treatment tanks and processed at Palmer Station as follows. Briefly,
each individual larva was macerated for 30 seconds on ice in cold, filtered seawater and stained
with a LIVE/DEADTM Fixable Green Dead Cell Stain Kit (for 488 nm excitation; ThermoFisher
Scientific) according to the manufacturer’s instructions, preserved in filtered 10% buffered
formalin, flash frozen in liquid nitrogen, and stored at -80°C. Samples were shipped back to the
University of Maine Darling Marine Center via the U.S. Antarctic Program and held at Bigelow
Laboratory until analysis on the flow cytometer. Samples were thawed quickly at room
temperature and filtered through a 70 𝜇m filter to remove any large macerated particles to create
a single eukaryotic cell suspension. The cells from each larvae were then analyzed on a Becton
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Dickinson FACScan or a BioRad Cell Analyzer using 488 nm blue excitation for the presence of
green fluorescence (BP 515/30). All live eukaryotic cells were weakly fluorescent, while dead
cells were brightly fluorescent so the proportion of live:dead cells within the macerated cell
suspension could be determined for each larva.
4.6.6 Sample Processing for Electron Microscopy
Individual larvae were fixed immediately after sampling in 4% Glutaraldehyde (in 0.2M
sodium cacodylate) for two hours. Samples were then washed and post-fixed in 2% osmium
tetroxide for one hour, then sequentially dehydrated to 85% ethanol for transport to the Darling
Marine Center.
4.6.6.1 Scanning Electron Microscopy
After being preserved and dehydrated to 85% ethanol, samples underwent critical-point
drying (Tousimis Samdri PVT-3) before being fixed to aluminum stubs and sputter coated with
gold/palladium (Cressington 108Auto). Samples were viewed and imaged on the scanning
electron microscopes at the University of Maine (AMRay 1820), and at Haverford College
(JEOL 6510LV).
Larval size was quantified by measuring the area and the maximum diameter of each
sample. All measurements were taken using ImageJ (NIH, http://rsb.info.nih.gov/nih-image/).
The surface area of each sample was obtained by measuring the selected total area of the larva in
each image, excluding any irregularities around the periphery of the sample. The max diameter
was obtained by measuring the diameter of the sample across four axes and recording the largest
measured diameter. Samples with excessive amounts of damage (shattered samples) and those
that did not appear to be larvae (egg casings, debris) were not measured.
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4.6.6.2 Transmission Electron Microscopy
Three replicate samples from each treatment group at 24-hour, 20-day, and 40-day
timepoints were analyzed using transmission electron microscopy (TEM). Time-zero and heatkilled samples served as negative and positive controls, respectively. Additional triplicate
samples were added from the ambient and highest temperature treatment groups at the 10- and
30-day timepoints. Larvae sampled for TEM (n=50) were dehydrated in a graded ethanol series,
washed in propylene oxide (three washes for 10 minutes each), and embedded in Epon (EMBed812 Embedding Kit, Electron Microscopy Sciences). As the region of interest for this assay was
the larval epithelium, samples were embedded so the sectioning plan was transverse, running
perpendicular to the oral-aboral axis. Semi-thin (0.5 micron) and ultrathin sections were cut on a
Porter-Blum MT2-B ultramicrotome. Semi-thin sections were placed on glass slides, stained
with Richardson’s stain, mounted with Permount (FisherScientific), and permanently
coverslipped. These sections were examined and imaged using an Olympus CX31 compound
microscope to confirm the region of interest was in view and appropriately oriented. Ultrathin
sections were mounted on G-200 copper grids and stained with aqueous uranyl acetate and lead
citrate. Ultrathin sections were examined and imaged using a Philips CM10 transmission
electron microscope operated at 100kV and fitted with a Gatan Orius 830 camera running Digital
Micrograph. In each specimen, 100 nuclei were examined and scored for morphological
indicators of apoptosis or necrosis and categorized according to Dunn et al. (2004).
4.6.7 Development and Deformity Scoring
Two scoring indexes were developed to quantify the level of development and deformity
for each sample (Appendix Figures B.1-B.4). The development scoring index was constructed

94

from known developmental markers in F. impensum larvae that typically appear uniformly
across individuals, and through which significant differences might indicated disruption of
development. Larvae of F. impensum typically exhibit 12 similarly-sized tentacle buds and tend
to also exhibit “scalloped” edges towards the end of larval development (Waller et al. 2008). The
presence of a mouth is a developmental marker of F. impensum larvae that typically occurs 24
hours post-release from the parent (Nevala, 2006). Based on this knowledge, the developmental
scoring index included characteristics such as tentacle bud number (Appendix Figure B.1), larval
shape (Appendix Figure B.2), and presence of a mouth (Appendix Figure B.3).
The deformity index included any observed morphological abnormalities, such as physical
deformities to tentacle buds and gaping mouths (Appendix Figure B.4). The presence of mucus
was also included in the deformity index, as the production of mucus is a sign of stress in
cnidarians and may be apparent under high-temperature conditions (Brown and Bythell, 2005;
Bosch, 2007; Bythell and Wild, 2011).
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
In the face of impending climate change, scientists are working to understand the basic
biology of cold-water coral larval development, as well as the effects of environmental changes
on developmental physiology. Once this foundation has been laid, it can support additional
investigations of how an altered environment might affect larval dispersal, behavior, and
settlement. In this dissertation, I present work that integrates reproductive processes in three
cold-water coral species with diverse life histories from different locations to better understand
the effect of temperature on reproduction in cold-water corals.
The earliest stage of reproduction – gametogenesis – was investigated in Primnoa
pacifica from the Gulf of Alaska. Our work found that spermatogenesis was arrested in shallowwater populations of P. pacifica living in more thermally-variable conditions, preventing
successful fertilization. This study was one of the first to focus on the structure of invertebrate
gametes in response to thermal stress and it joins the few existing studies that consider thermal
variability rather than steady warming alone. Our study highlighted gametogenic arrest as a sublethal effect of physiological stress that would be particularly cryptic in deep-sea collections.
Identifying gametogenic disruption requires the context of a full cycle of successful
gametogenesis, which is often unavailable for deep-sea species only sporadically collected.
Frequently, the reproductive mode, the structure of gametes, and, in some cases, reproductive
seasonality of a given species are all described based on a single deep-sea collection. Without the
context of a healthy population and a repeated sampling effort, the dysfunction we described in
shallow populations would likely not have been flagged. Instead, it might have been explained as
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phenotypic plasticity, as prior work suggested, and the lack of fully developed gametes might
have been dismissed as an artifact of the timing of sample collection.
This project also brought to light the possibility that shallow-water emerged populations
in glacial fjords could be used as sentinels for deep-sea species contending with climate change.
The pattern illustrated by P. pacifica, of shallow-water populations experiencing environmental
stress, namely warming and increasingly frequent extreme events, ahead of deep-sea congeners,
could provide an opportunity to study sub-lethal stress effects in otherwise inaccessible deep-sea
species. In addition, this study identified thermal variability as a potential driver of physiological
stress. Most thermal stress studies investigate steady warming that relates to a climate-change
relevant prediction rather than thermal variability. These efforts are important, but with the
increasing frequency of extreme weather events, future work to investigate the effect of thermal
variability will be critical to understanding how organisms might respond to future climate
change.
Our next study documented early larval development of Lophelia pertusa at different
temperatures, describing internal larval development for the first time in this species and
showing that temperature has a strong impact on developmental rate and larval longevity. Future
study to further characterize the mechanisms at work in L. pertusa embryos and larvae would
substantially increase the scientific understanding of cnidarians as a whole, especially given the
variation in embryogenesis observed in this foundational metazoan group (Hyman, 1940 and
references contained therein). Of particular interest would be detailed ultrastructural descriptions
of the blastocoel (or lack thereof) and the mode of gastrulation in L. pertusa. This work would
support fruitful comparisons within the phylum (with Nematostella vectensis, for example) and
across other taxa (a triploblastic representative, perhaps) to investigate evolutionary
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developmental questions such as the evolution of mesoderm in metazoans. Further, it could
support the resolution of phylogenetic relationships, as new suborders were recently proposed for
the Scleractinia based on embryological characteristics. The lack of cold-water coral
representatives in new phylogenies and the limited understanding of the few included could
confound the efforts to resolve cnidarian relationships. As an example, previous work assumed
L. pertusa embryos had a hollow blastocoel and that character was used to support moving the
greater family, the Caryophyllidae, to a new proposed suborder (Okubo, 2016), but the work I
present in Chapter 3 challenges that assumption, and therefore the placement of the family.
Future studies to detail development and embryology in more coral species are key for accurately
identifying relationships among taxa, especially if life history or embryology are used as defining
characters.
In addition to expanding our understanding of cnidarian development, conclusions about
larval physiology and development across temperatures could have major impacts on the way L.
pertusa larval dispersal is modeled. As L. pertusa’s native distribution spans such a broad range
of temperatures, the results presented here suggest that models of larval dispersal might be finetuned by using temperature to inform larval duration and dispersal distance. My results agree
with other studies that appear to link developmental rate to temperature but they also highlight
the lack of available data concerning larval development in cold-water coral species. Future work
toward a more complete understanding of larval ecology and development in cold-water coral
species would be extremely beneficial to these modelling, and ultimately, species-management,
efforts.
The final chapter of this work examined the response of later-stage Flabellum impensum
larvae to end-century warming conditions. F. impensum larvae were largely resilient to these
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warmer temperatures. Despite being a stenothermal species with limited capacity for larval
dispersal, F. impensum was able to withstand temperatures predicted for 2100 without any
increases in stress indicators. This result was unexpected given the narrow thermal tolerance of
F. impensum, however, it indicates that some species of cold-water corals are more robust to
warming than others. In this species, early stages of larvae are sheltered from environmental
variables as they develop within their parent’s tissues, suggesting that the larvae might be even
more sensitive to environmental stress than those of broadcast spawning species. The ability of
F. impensum larvae to withstand such fluctuations in temperature was surprising, and future
studies exploring the response of these larvae to more extreme temperatures would be very
useful. Recent models suggest that a 1.5°C increase in global temperature will increase ocean
turbulence on the Western Antarctic Peninsula, bathing the habitat of F. impensum in warmer
Circumpolar Deep Water (Siegert et al. 2019). Additionally, studies that follow larvae for longer
periods, through settlement and into maturity would be an important way to identify any longerterm effects of warming during the larval period. I would be very interested in investigations
comparing resilience across larval stages as well as studies to characterize morphogenesis and
internal development in this species at both predicted future and present temperatures. Other
inquiries might examine how larval behavior is impacted by warmer temperatures, or how
multiple simultaneous stressors (such as temperature and acidification, etc.) affect larval health.
Beyond descriptive morphology, genetic analysis to better understand the stress response in F.
impensum larvae might help scientists to understand how this stenothermal organism is able to
persist in warmer conditions.
In pursuing this work, I found several overarching conclusions to be especially
compelling. First, I was struck by how species-specific the response to warming was. This theme
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has been well-documented in comparisons of marine invertebrates (a selection of references can
be found in Table 1.1) and my results are typical of the trend. Unfortunately, this fact means that
applying conclusions drawn from studying a small subset of species (or a single species) to a
broader group of organisms is not a robust way to predict responses to environmental changes.
Instead, it will be necessary to study as many species individually as possible to support such
wider predictions or conclusions.
Second, I was struck by how differentially vulnerable different life stages are to
environmental stress and how even sub-lethal stresses can have ecological consequences. While
it’s widely agreed that the larval stages are the most sensitive, within that short window there are
major differences in how much disruption an environmental stress can cause. For example, latestage larvae, as I tested in the F. impensum experiment, are generally more resilient, while the
process of gastrulation, as I saw in the L. pertusa experiment, is highly susceptible to
environmental disturbance. Moreover, as was evident in the P. pacifica results, sublethal stress
effects can have major follow-on effects. Understanding how an organism responds to
environmental stress is not only a matter of timing, looking across different life stages, but also
of degree, considering sub-lethal effects in addition to simple mortality. Organisms may survive
environmental stress, but subtler effects, such as the failure to complete gametogenesis, can still
have major population-level consequences. With this in mind, it’s important not to discount what
might seem like minor impacts of physiological stress.
The final conclusion I drew from this work was how much more there is still to learn.
The three studies that make up my thesis were possible only because they centered species that
already had baseline reproductive data published. However, such data is quite rare for cold-water
corals. The fact that L. pertusa is the best studied cold-water species to date and the investigation
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presented in Chapter 3 is the first to consider the internal anatomy of a developing larva
illustrates how much work remains to be done in the pursuit of understanding these species. With
ongoing and impending climate change, scientists are anxious to understand how species will
cope, especially keystone species such as cold-water corals, but before manipulative experiments
are possible, baseline data of general reproductive ecology is needed to serve as a foundation. A
focal area for future work might look at connecting form and function, moving past descriptive
morphology to learn more about the mechanisms and underlying processes of larval resilience
and vulnerability to environmental stress. Such research would enhance our understanding of
larval development in the Cnidaria and might provide new material to support patterns or
contrasts among taxa.
Ultimately, in order for cold-water coral species to persist, successive generations of
individuals must successfully reproduce. Therefore, to consider the fate of cold-water coral
species we need to understand their reproduction and larval development and the ways that
predicted changes in environmental factors are likely to impact those processes. Though much
remains to be investigated, new work is underway to build the breadth and depth of our
understanding of cold-water coral reproduction. As more species of cold-water corals are
successfully maintained in aquaria for experimental manipulations, genomes are catalogued,
more expeditions go out and bring in more samples, and technological advances are made, we
are slowly making progress toward understanding and preserving cold-water corals and the
important communities they support.
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APPENDIX A: CHAPTER 2 SUPPLEMENTARY INFORMATION
SHALLOW-EMERGED CORAL MAY WARN OF DEEP-SEA CORAL RESPONSE TO
CLIMATE CHANGE

Table A1 Collection information, colony measurements, and gamete data for the Primnoa
pacifica specimens histologically examined in this study. This work compared deep sea (GOA),
deep fjord (GBNPP), and shallow fjord (HB) populations of RTC by measuring the diameter of
their developing sperm cells. Sperm nuclear diameters decrease as spermatogenesis progresses,
so smaller minimum mean nuclear diameters correspond to healthy spermatogenesis. Larger
minimum mean nuclear diameters (e.g. as seen in samples from HB) suggest spermatogenesis
was arrested before reaching a terminal (reproductively functional) stage.

Region

Site

Date
Sampled

Number
of
Colonies
(N)

Depth range
(m)

Colony
Height (cm)

Spermato
-cysts
Analyzed
(N)
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(N)

Mean nuclear
diameter (m)
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Month/
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Figure A1. Annual temperature variability at deep and shallow RTC collection sites. Each bar
represents the thermal range of a given year at a single site (i.e. the difference between
maximum and minimum recorded temperatures). The grey and blue lines show data from the
National Park Service Southeast Alaska Inventory and Monitoring Network in Glacier Bay
National Park and Preserve at two different depths (dark blue: 245 m, grey: 15 m). The orange
bar represents the temperature range during the year of sample collection at Tracy Arm (15 m).
The green bars represent the temperature range at Shutter Ridge in the GOA during the years
that samples were collected from deep ocean sites (208 m). The shallow sites (grey, orange) see
much greater thermal variability over an annual period than the deeper sites (blue, green). We
suggest this is causing reproductive harm to shallow-living RTCs.
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APPENDIX B: CHAPTER 4 SUPPLEMENTARY INFORMATION
ANTARCTIC DEEP-SEA CORAL LARVAE ARE RESILIENT TO END-CENTURY
WARMING
0: No tentacle buds are visible or distinguishable.

1: Some tentacle buds are visible, but not a full set of 12. Some tentacle buds may lack clear creases between or
around them or distinct features may be muddled by wrinkles.

2: Each tentacle bud is distinguishable from the others. Total number of distinct tentacle buds is 12.
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Figure B.1 Flabellum impensum larval tentacle development scoring scheme illustrated by
SEM. All scale bars = 1mm
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0: “Smooth edges”. The whole larva has curvy edges but clear creases are not observed between curves on the
outer edge of the larva.

1: “Scalloped edges”. Clear creases are observed between curves, contributing to a “scallop” pattern.

Figure B.2. F. impensum larval shape development scoring scheme illustrated by SEM. All
scale bars = 1mm.
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0: No mouth is visible. Indentions may be present, but no opening is apparent. Larva may be too wrinkled to
discern a mouth opening.

1: Mouth visible, either as a small circular indention, a crease, or a wide opening.

Figure B.3. F. impensum larval mouth development scoring scheme as illustrated by SEM.
Scale bars = 1mm
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Figure B.4. Morphological deformities and mucus production in larval F. impensum. These
micrographs show examples of deformities that were used in the scoring index. Left: Larva
with deformed tentacle buds (white box). Scale bar = 1mm. Center: Larva with gaping mouth,
recorded as a deformity. Scale bar = 50m Right: Mucus on the surface of a larva, indicative
of stress. Scale bar = 500m.
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